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Active M etal/Aqueous Electrochemical Cells and Systems 

BACKGROUND OF THE INVENTION 
1 . Field of the Invention 

The present invention relates generally to active metal electrochemical 
5 devices. More particularly, this invention relates to active metal/aqueous (e.g., 
lithium) battery cells made possible by active metal electrode structures having 
ionically conductive membranes for protection of the active metal from deleterious 
reaction with air, moisture and other battery cell components, methods for their 
fabrication and applications for their use. 
10 2. Description of Related Art ^ 

The low equivalent weight of alkali metals, such as lithium, render them 
particularly attractive as a battery electrode component. Lithium provides greater 
energy per volume than the traditional battery standards, nickel and cadmium. 
Unfortunately, no rechargeable lithium metal batteries have yet succeeded in the 
15 marketplace. 

The failure of rechargeable lithium metal batteries is largely due to cell cycling 
problems. On repeated charge and discharge cycles, lithium "dendrites" gradually 
grow out from the lithium metal electrode, through the electrolyte, and ultimately 
contact the positive electrode. This causes an internal short circuit in the battery, 

20 rendering the battery unusable after a relatively few cycles. While cycling, lithium 
electrodes may also grow "mossy" deposits that can dislodge from the negative 
electrode and thereby reduce the battery's capacity. 

To address lithium's poor cycling behavior in liquid electrolyte systems, some 
researchers have proposed coating the electrolyte facing side of the lithium negative 

25 electrode with a "protective layer." Such protective layer must conduct lithium ions, 
but at the same time prevent contact between the lithium electrode surface and the 
bulk electrolyte. Many techniques for applying protective layers have not succeeded. 

Some contemplated lithium metal protective layers are formed in situ by 
reaction between lithium metal and compounds in the cell's electrolyte that contact 

30 the lithium. Most of these in situ films are grown by a controlled chemical reaction 
after the battery is assembled. Generally, such films have a porous morphology 
allowing some electrolyte to penetrate to the bare lithium metal surface. Thus, they 
fail to adequately protect the lithium electrode. 
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Various pre-formed lithium protective layers have been contemplated. For 
example, US Patent No- 5,314.765 (issued to Bates on May 24 ? 1994) describes an ex 
situ technique for fabricating a lithium electrode containing a thin layer of sputtered 
lithium phosphorus oxynitride ("UPON") or related material. UPON is a glassy 
5 single ion conductor (conducts lithium ion) that has been studied as a potential 
electrolyte for solid state lithium microbatteries that are fabricated on silicon and used 
to power integrated circuits (See US Patents Nos. 5,597,660, 5,567,210, 5,338,625, 
and 5,512,147, all issued to Bates et al.). 

Work in the present applicants' laboratories has developed technology for the 
10 use of glassy or amorphous protective layers, such as LiPON, in active metal battery 
electrodes. (See, for example, US Patents 6,025,094, issued 02/15/00, 6,402,795, 
issued 06/11/02, 6,214,061, issued 04/10/01 and 6,413,284, issued 07/02/02, all 
assigned to PolyPlus Battery Company). 

Prior attempts to use lithium anodes in aqueous environments relied either on 
15 the use of very basic conditions such as use of concentrated aqueous KOH to slow 
down the corrosion of the Li electrode, or on the use of polymeric coatings on the Li 
electrode to impede the diffusion of water to the Li electrode surface; in all cases 
however, there was substantial reaction of the alkali metal electrode with water. In 
this regard, the prior art teaches that the use of a aqueous cathodes or electrolytes with 
20 Li-metal anodes is not possible since the breakdown voltage for water is about 1 .2 V 
and a Li/water cell can have a voltage of about 3.0 V. Direct contact between lithium 
metal and aqueous solutions results in violent parasitic chemical reaction and 
corrosion of the lithium electrode for no useful purpose. Thus, the focus of research 
in the lithium metal battery field has been squarely on the development of effective 
25 non-aqueous (mostly organic) electrolyte systems. 

SUMMARY OF THE INVENTION 
The present invention concerns alkali (or other active) metal battery cells and 
electrochemical cells incorporating them together with aqueous cathode/electrolyte 
systems. The battery cell negative electrode (anode) has a highly ionically conductive 
30 (at least about 10" 7 S/cm, and more preferably at least 10" 6 S/cm, for example 10" 5 S/cm 
to 10" 4 S/cm, and as high as 10" 3 S/cm or higher) protective membrane adjacent to the 
alkali metal anode that effectively isolates (de-couples) the alkali metal electrode from 
solvent, electrolyte processing and/or cathode environments, including such 
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environments that are normally highly corrosive to Li or other active metals, and at the 
same time allows ion transport in and out of these potentially corrosive environments. 
The protective membrane is thus chemically compatible with active metal (e.g., 
lithium) on one side and a wide array of materials, including those that are normally 
5 highly corrosive to Li or other active metals on the other side, while at the same time 
allowing ion transport from one side to the other. In this way, a great degree of 
flexibility is permitted the other components of an electrochemical device, such as a 
battery cell, made with the protected active metal electrodes. Isolation of the anode 
from other components of a battery cell or other electrochemical cell in this way 

10 allows the use of virtually any solvent, electrolyte and/or cathode material in 
conjunction with the anode. Also, optimization of electrolytes or cathode-side solvent 
systems may be done without impacting anode stability or performance. 

Such a protected active metal anode may be used with a wide array of solvents, 
electrolytes and cathode materials (including those more stable in lithium metal 

15 systems, such as are used in lithium-sulfur battery systems described in the patents of 
PolyPlus Battery Company, for example, US Patents 6,025,094, issued 02/15/00, 
6,402,795, issued 06/11/02, 6,214,061, issued 04/10/0! and 6,413,284, issued 
07/02/02, and US Patent Application No. 10/686,189, filed 10/14/03, each of which is 
incorporated by reference herein in its entirety for all purposes); and more Li- 

20 corrosive materials including air, ionic (including protic) solutions, aqueous 
electrolytes, molten salts, and ionic liquids, for example, operating conditions 
(including high through low temperatures) and discharge rate regimes (including high 
through low discharge rates). Li anode corrosion is not an issue and the electrolyte 
compatibility with the anode is not a concern. A few examples of desirable battery 

25 cells in accordance with the present invention include Li-air; Li-aqueous electrolyte; 
and Li-sea/salt water. Other novel and useful electrochemical devices are also 
rendered possible in accordance with the present invention, as described further 
below. The use of cathode materials extremely reactive with Li is also possible by 
using protective composites in accordance with the present invention, for example 

30 PbSnF 4 and the like, for Li/F batteries. 

The present invention uses ionically conductive membranes for decoupling the 
active metal anode and cathode sides of an active metal electrochemical cell. The 
. membranes may be incorporated in active metal negative electrode (anode) structures 

3 
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and electrochemical devices and components, including batteries and fuel cells. The 
membranes are highly conductive for ions of the active metal, hut are otherwise 
substantially impervious. They are chemically stable on one side to the active metal 
of the anode (e.g., lithium), and on the other side to the cathode, other battery cell 

5 components such as solid or liquid phase electrolytes, including organic or aqueous 
liquid electrolytes, and preferably to ambient conditions. The membrane is capable of 
protecting an active metal anode from deleterious reaction with other battery 
components or ambient conditions and decoupling the chemical environments of the 
anode and cathode enabling use of anode-incompatible materials, such as solvents and 

10 electrolytes, on the cathode side without deleterious impact on the anode, and vice 
versa. This broadens the array of materials that may be used in active metal 
electrochemical cells and facilitates cell fabrication while providing a high level of 
ionic conductivity to enhance performance of an electrochemical cell in which the 
membrane is incorporated. 

15 It is widely known that lithium metal reacts violently with water, and even 

more violently with aqueous acidic solutions. However, it has been found that a cell 
composed of a lithium electrode protected with a LiPON (Ag)/OHARA glass-ceramic 
composite in accordance with the present invention, as described above, can be 
immersed into acidic aqueous electrolytes without incident. The thermodynamic open 

20 circuit potential is observed vs. a Ag/AgCl reference and a normal hydrogen electrode 
and lithium can be discharged into the aqueous electrolyte causing hydrogen evolution 
to occur at a Pt counter electrode, with no evidence of corrosion or chemical reaction 
at the lithium electrode. It has been further shown that such a protected lithium 
electrode can be immersed into an aqueous bath having dissolved LiOH, and the 

25 lithium electrode can be reversibly cycled in such an aqueous electrolyte. Prior 
experiments showing these results are unknown, as corrosion of metallic lithium in 
aqueous environments is known to rapidly occur. This discovery enables a number of 
unique battery systems to be developed, including Li/water and Li/air batteries. These 
systems have been attempted previously using unprotected lithium metal electrodes. 

30 However, due to the rapid corrosion of unprotected lithium metal electrodes in water, 
batteries formed using such electrodes would have very short life, and have limited 
commercial appeal due to safety problems. With the current invention, the protected 
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lithium electrode shows no evidence of corrosion/chemical reaction with aqueous 
electrolytes, and results in batteries that should have wide commercial appeal. 

In various aspects, the invention relates to an active metal/aqueous battery cell. 
The battery cell includes an active metal anode having a first surface and a second 
surface; a cathode structure with an electronically conductive component, an ionically 
conductive component, and an electrochemically active component. At least one 
cathode structure component comprises an aqueous constituent. An ionically 
conductive protective membrane is disposed on the first surface of the anode, the 
membrane having one or more materials configured to provide a first surface 
chemically compatible with the active metal of the anode in contact with the anode, 
and a second surface substantially impervious to and chemically compatible with the 
cathode structure and in contact with the cathode structure. 

Exemplary cells in accordance with the present invention include Li/water, 
Li/air and Li/metal hydride batter cells and other electrochemical cells. 

The invention also provides a variety of cell and component fabrication 
techniques, cell components and configurations. 

These and other features of the invention are further described and exemplified 
in the detailed description below. 

BRIEF DESCRIPTION OF THE DRAWINGS 
5 Fig. I is a schematic illustration of an active metal battery cell incorporating an 

ionically conductive protective membrane in accordance with the present invention. 

Figs. 2A and B are a schematic illustrations of ionically conductive protective 
membrane battery separators in accordance with the present invention. 

Fig. 3A is a schematic illustration of an active metal anode structure 
10 incorporating an ionically conductive protective laminate composite membrane in 
accordance with the present invention. 

Fig. 3B is a schematic illustration of an active metal anode structure 
incorporating an ionically conductive protective graded composite membrane in 
accordance with the present invention. 
15 Figs. 4A-B, 5 and 6A-B are schematic illustrations of alternative methods of 

making an electrochemical device structure incorporating an ionically conductive 
protective membrane in accordance with the present invention. 

5 
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Fig. 7 illustrates a specific implementation of a lithium/water battery cell in 
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Fig. 8 illustrates a lithium/air battery cell in accordance with the present 
invention. 

5 Fig. 9 illustrates a lithium/metal hydride battery cell in accordance with one 

embodiment of the present invention. 

Fig. 10 illustrates a Li/water battery and hydrogen generator for a fuel cell in 
accordance with one embodiment of the present invention. 

Fig. 1 1 depicts the fabrication of a thin-film Li/water or Li/air battery using 
10 plasma-spray and other deposition techniques in accordance with one embodiment of 
the present invention. 

Figs. 12A-E illustrate a technique for fabricating thin glass or glass-ceramic 
protective membranes attached to an electronically conductive porous support suitable 
for use in active metal/aqueous cells in accordance with one embodiment of the 
15 present invention. 

Fig. 13 shows an embodiment in accordance with the present invention in 
which a plurality of glass, ceramic or glass-ceramic ionically conductive protective 
membrane plates are bonded into an array by elastomeric seals. 

Fig. 14 illustrates a tubular construction embodiment of a Li/water or Li/air 
20 cell in accordance with the present invention. 

Fig. 15 illustrates a capillary construction embodiment of a Li/water or Li/air 
cell in accordance with the present invention. 

Fig. 16 illustrates a protected lithium electrode used as the cell of Example 1. 
Figs. 17-27 are plots of data illustrating the performance of various cells 
25 incorporating anodes with ionically conductive protective membranes and aqueous- 
containing cathodes in accordance with the present invention. 

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS 
Reference will now be made in detail to specific embodiments of the 
invention. Examples of the specific embodiments are illustrated in the accompanying 
30 drawings. While the invention will be described in conjunction with these specific 
embodiments, it will be understood that it is not intended to limit the invention to 
such specific embodiments. On the contrary, it is intended to cover alternatives, 
modifications, and equivalents as may be included within the spirit and scope of the 

6 
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invention as defined by the appended claims. In the following description, numerous 
specific details are set forth in order to provide a thorough understanding of the 
present invention. The present invention may be practiced without some or all of 
these specific details. In other instances, well known process operations have not 
5 been described in detail in order not to unnecessarily obscure the present invention. 

When used in combination with "comprising," "a method comprising," "a 
device comprising" or similar language in this specification and the appended claims, 
the singular forms "a," "an," and "the" include plural reference unless the context 
clearly dictates otherwise. Unless defined otherwise, all technical and scientific terms 
10 used herein have the same meaning as commonly understood to one of ordinary skill 
in the art to which this invention belongs. 

Introduction 

The present invention concerns alkali (or other active) metal battery cells and 
electrochemical cells incorporating them together with aqueous cathode/electrolyte 

15 systems. The battery cell negative electrode (anode) has a highly ionically conductive 
(at least about 10" 7 S/cm, and more preferably at least 10~ 6 S/cm, for example 10" 5 S/cm 
to 10~ 4 S/cm, and as high as lO" 3 S/cm or higher) protective membrane adjacent to the 
alkali metal anode that effectively isolates (de-couples) the alkali metal electrode from 
solvent, electrolyte processing and/or cathode environments, including such 

20 environments that are normally highly corrosive to Li or other active metals, and at the 
same time allows ion transport in and out of these potentially corrosive environments. 
The protective membrane is thus chemically compatible with active metal (e.g., 
lithium) on one side and a wide array of materials, including those including those that 
are normally highly corrosive to Li or other active metals on the other side, while at 

25 the same time allowing ion transport from one side to the other. In this way, a great 
degree of flexibility is permitted the other components of an electrochemical device, 
such as a battery cell, made with the protected active metal electrodes. Isolation of the 
anode from other components of a battery cell or other electrochemical cell in this 
way allows the use of virtually any solvent, electrolyte and/or cathode material in 

30 conjunction with the anode. Also, optimization of electrolytes or cathode-side solvent 
systems may be done without impacting anode stability or performance. 

Such a protected active metal anode may be used with a wide array of solvents, 
electrolytes and cathode materials (including those more stable in lithium metal 

7 
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systems, such as are used in lithium-sulfur battery systems described in the patents of 

PnlvPlns Ratterv Comnanv. for examDle. US Patents 6.025.094. issued 02/15/00. 
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6,402,795, issued 06/11/02, 6,214,061, issued 04/10/01 and 6,413,284, issued 
07/02/02, and US Patent Application No. 10/686,189, filed 10/14/03, each of which is 

5 incorporated by reference herein in its entirety for all purposes); and more Li- 
corrosive materials including air, ionic (including protic) solutions, aqueous 
electrolytes, molten salts, and ionic liquids, for example), operating conditions 
(including high through low temperatures) and discharge rate regimes (including high 
through low discharge rates). Li anode corrosion is not an issue and the electrolyte 

10 compatibility with the anode is not a concern. A few examples of desirable battery 
cells in accordance with the present invention include Li-air; Li-aqueous electrolyte; 
and Li-sea/salt water. Other novel and useful electrochemical devices are also 
rendered possible in accordance with the present invention, as described further 
below. The use of cathode materials extremely reactive with Li is also possible by 

15 using protective composites in accordance with the present invention, for example 
PbSnF 4 and the like, for Li/F batteries. 

The present invention uses ionically conductive membranes for decoupling the 
active metal anode and cathode sides of an active metal electrochemical cell. The 
membranes may be incorporated in active metal negative electrode (anode) structures 

20 and electrochemical devices and components, including battery and fuel cells. The 
membranes are highly conductive for ions of the active metal, but are otherwise 
substantially impervious. They are chemically stable on one side to the active metal 
of the anode (e.g., lithium), and on the other side to the cathode, other battery cell 
components such as solid or liquid phase electrolytes, including organic or aqueous 

25 liquid electrolytes, and preferably to ambient conditions. The membrane is capable of 
protecting an active metal anode from deleterious reaction with other battery 
components or ambient conditions and decoupling the chemical environments of the 
anode and cathode enabling use of anode-incompatible materials, such as solvents and 
electrolytes, on the cathode side without deleterious impact on the anode, and vice 

30 versa. This broadens the array of materials that may be used in active metal 
electrochemical cells and facilitates cell fabrication while providing a high level of 
ionic conductivity to enhance performance of an electrochemical cell in which the 
membrane is incorporated. 

8 
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The membrane may have any suitable composition, for example, it may be a 
monolithic material chemically compatible with both the anode and cathode 
environments, or a composite composed of at least two components of different 
materials having different chemical compatibilities, one chemically compatible with 
5 the anode environment and the other chemically compatible with the cathode 
environment. 

Composite membranes may be composed of at least two components of 
different materials having different chemical compatibility requirements. The 
composite may be composed of a laminate of discrete layers of materials having 

10 different chemical compatibility requirements, or it may be composed of a gradual 
transition between layers of the materials. By "chemical compatibility" (or 
"chemically compatible") it is meant that the referenced material does not react to 
form a product that is deleterious to battery cell operation when contacted with one or 
more other referenced battery cell components or manufacturing, handling or storage 

15 conditions. 

A first material layer of the composite is both ionically conductive and 
chemically compatible with an active metal electrode material. Chemical 
compatibility in this aspect of the invention refers to a material that is chemically 
stable and therefore substantially unreactive when contacted with an active metal 

20 electrode material. Active metals are highly reactive in ambient conditions and can 
benefit from a barrier layer when used as electrodes. They are generally alkali metals 
such (e.g., lithium, sodium or potassium), alkaline earth metals (e.g., calcium or 
magnesium), and/or certain transitional metals (e.g., zinc), and/or alloys of two or 
more of these. The following active metals may be used: alkali metals (e.g., Li, Na, 

25 K), alkaline earth metals (e.g., Ca, Mg, Ba), or binary or ternary alkali metal alloys 
with Ca, Mg, Sn, Ag, Zn, Bi, Al, Cd, Ga, In. Preferred alloys include lithium 
aluminum alloys, lithium silicon alloys, lithium tin alloys, lithium silver alloys, and 
sodium lead alloys (e.g., Na 4 Pb). A preferred active metal electrode is composed of 
lithium. Chemical compatibility also refers to a material that may be chemically 

30 stable with oxidizing materials and reactive when contacted with an active metal 
electrode material to produce a product that is chemically stable against the active 
metal electrode material and has the desirable ionic conductivity (i.e., a first layer 
material). Such a reactive material is sometimes referred to as a "precursor" material. 
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A second material layer of the composite is substantially impervious, ionically 
conductive and chemically compatible with the first material. By substantially 
impervious it is meant that the material provides a sufficient barrier to battery 
electrolytes and solvents and other battery component materials that would be 

5 damaging to the electrode material to prevent any such damage that would degrade 
electrode performance from occurring. Thus, it should be non-swellable and free of 
pores, defects, and any pathways allowing air, moisture, electrolyte, etc. to penetrate 
though it to the first material. Preferably, the second material layer is so impervious 
to ambient moisture, carbon dioxide, oxygen, etc. that an encapsulated lithium alloy 

10 electrode can be handled under ambient conditions without the need for elaborate dry 
box conditions as typically employed to process other lithium electrodes. Because the 
composite protective layer described herein provides such good protection for the 
lithium (or other active metal), it is contemplated that electrodes and 
electrode/electrolyte composites of this invention may have a quite long shelf life 

15 outside of a battery. Thus, the invention contemplates not only batteries containing a 
negative electrode, but unused negative electrodes and electrode/electrolyte laminates 
themselves. Such negative electrodes and electrode/electrolyte laminates may be 
provided in the form of sheets, rolls, stacks, etc. Ultimately, they may be integrated 
with other battery components to fabricate a battery. The enhanced stability of the 

20 batteries of this invention will greatly simplify this fabrication procedure. 

In addition to the protective composite laminate structure described above, a 
protective composite in accordance with the present invention may alternatively be a 
functionally graded layer, as further described below. 

It should be noted that the first and second materials are inherently ionically 

25 conductive. That is, they do not depend on the presence of a liquid electrolyte or other 
agent for their ionically conductive properties. 

Additional layers are possible to achieve these aims, or otherwise enhance 
electrode stability or performance. AH layers of the composite have high ionic 
conductivity, at least 10" 7 S/cm, generally at least 10" 6 S/cm, for example at least 10" 

30 5 S/cm to 10" 4 S/cm, and as high as 10" 3 S/cm or higher so that the overall ionic 
conductivity of the multi-layer protective structure is at least 10" 7 S/cm and as high as 
10" 3 S/cm or higher. 

Protective Membranes and Structures 

10 
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Fig. 1 is a conceptual illustration of an ionically conductive protective 
membrane in accordance with the present invention in context as it would be used in 
an active metal/aqueous battery cell 120, such as a lithium/water, lithium/air or 
lithium/metal hydride battery cell, in accordance with the present invention. The 
5 membrane 100 is both ionically conductive and chemically compatible with an active 
metal (e.g., lithium) electrode (anode) 106 on one side, and substantially impervious, 
ionically conductive and chemically compatible with a cathode structure 1 10 having 
an electronically conductive component, an ionically conductive component, and an 
electrochemically active component, with at least one cathode structure component 

10 being or including an aqueous constituent. The ionic conductivity of the membrane is 
at least 10" 7 S/cm, generally at least IO' 6 S/cm, for example at least 10~ 5 S/cm to 10" 
4 S/cm, and as high as 10 3 S/cm or higher. The active metal anode 106 in contact with 
the first side of the protective membrane is connected with a current collector 108 
composed of a conductive metal, such as copper, that is generally inert to and does not 

15 alloy with the active metal. The electronically conductive component, for example in 
Li/water and Li/air cells, a porous catalytic electronically conductive support, not 
shown in this conceptual depiction, is generally provided adjacent to the protective 
membrane on the cathode, provides electron transport from the anode (via a cathode 
current collector 112) and facilitates electroreduction of the cathode active material. 

20 The protective membrane may be a composite composed of two or more 

materials that present sides having different chemical compatibility to the anode and 
electrolyte and/or cathode, respectively. The composite is composed of a first layer 
of a material that is both ionically conductive and chemically compatible with an 
active metal electrode material. The composite also includes second layer of a 

25 material that is substantially impervious, ionically conductive and chemically 
compatible with the first material and the cathode/electrolyte environment. 

As described further below, given the protection afforded by the protective 
membranes of the present invention, the electrolytes and/or cathodes combined with 
the protected anodes of the present invention may include a wide variety of materials 

30 including, but not limited to, those described in the patents of PolyPlus Battery 
Company, referenced herein below. 

Fig. 2A illustrates a protective membrane composite battery separator in 
accordance with one embodiment of the present invention. The separator 200 

1 1 
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includes a laminate of discrete layers of materials with different chemical 
compatibilities.. A layer of a first material or precursor 202 is ionicaHy conductive and 
chemically compatible with an active metal. In most cases, the first material is not 
chemically compatible with oxidizing materials (e.g., air, moisture, etc). The first 

5 layer, in contact with the active metal, may be composed, in whole or in part, of active 
metal nitrides, active metal phosphides, active metal halides or active metal 
phosphorus oxynitride-based glasses. Specific examples include Li 3 N, Li 3 P, Lil, LiBr, 
LiCl and LiF. In at least one instance, LiPON, the first material is chemically 
compatible with oxidizing materials. The thickness of the first material layer is 

10 preferably about 0. 1 to 5 microns, or 0.2 to 1 micron, for example about 0.25 micron. 

As noted above, the first material may also be a precursor material which is 
chemically compatible with an active metal and reactive when contacted with an 
active metal electrode material to produce a product that is chemically stable against 
the active metal electrode material and has the desirable ionic conductivity (i.e., a first 

15 layer material). Examples of suitable precursor materials include metal nitrides, red 
phosphorus, nitrogen and phosphorus containing organics (e.g., amines, phosphines, 
borazine (B3N3H6), triazine (C3N3H3)) and halides. Some specific examples include P 
(red phosphorus), Cu 3 N, SnN x , Zn 3 N2, FeN x , CoN Xl aluminum nitride (A1 3 N), silicon 
nitride (Si 3 N4) and Io, Br 2 , CI2 and F2. Such precursor materials can subsequently 

20 react with active metal (e.g., Li) to form Li metal salts, such as the lithium nitrides, 
phosphides and halides described above. In some instances, these first layer material 
precursors may also be chemically stable in air (including moisture and other 
materials normally present in ambient atmosphere), thus facilitating handling and 
fabrication. Examples include metal nitrides, for example Cu 3 N. 

25 Also, a suitable active metal compatible layer may include a polymer 

component to enhance its properties. For example, polymer-iodine complexes like 
poly(2-vinylpyridine)-iodine (P2VP-I 2 ), polyethylene-iodine, or with 
tetraalkylammonium-iodine complexes can react with Li to form a Lil-based film 
having significantly higher ionic conductivity than that for pure Lil. 

30 The ionic conductivity of the first material is high, at least 10" 7 S/cm, generally 

at least about I0" 5 S/cm, and may be as high as 10 3 S/cm or higher. 

Adjacent to the first material or precursor layer 202 is a second layer 204 that 
is substantially impervious, ionically conductive and chemically compatible with the 

12 
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first material or precursor and environments normally corrosive to the active metal of 
the anode, including glassy or amorphous metal ion conductors, such as a phosphorus- 
based glass, oxide-based glass, phosphorus-oxynitride-based glass, sulfur-based glass, 
oxide/sulfide based glass, selenide based glass, gallium based glass, germanium-based 

5 glass or boracite glass (such as are described D.P. Button et al., Solid State Ionics, 
Vols. 9-10, Part 1, 585-592 (December 1983); ceramic active metal ion conductors, 
such as lithium beta-alumina, sodium beta-alumina, Li superionic conductor 
(LISICON), Na superionic conductor (NASICON), and the like; or glass-ceramic 
active metal ion conductors. Specific examples include LiPON, Li3PO4.Li2S.SiS2, 

10 Li 2 S.GeS 2 .Ga 2 S 3 , Li 2 0 1 1 Al 2 0 3 , Na 2 0 1 1 A1 2 0 3 , (Na, Li) Ux Ti 2 _ xAl x (P0 4 ) 3 (0.6< x< 
0.9) and crystallographically related structures, Na3Zr 2 Si 2 POi 2 , Li3Zr 2 Si 2 PO|2, 
Na 5 ZrP30, 2 , Na 5 TiP30, 2 , Na 3 Fe 2 P 3 0, 2 , Na4NbP 3 Oi 2 , Li 5 ZrP 3 0, 2 , Li 5 TiP30 I2 , 
Li3Fe 2 P3<Di 2 and Li 4 NbP30| 2 , and combinations thereof, optionally sintered or melted. 
Suitable ceramic ion active metal ion conductors are described, for example, in US 

15 Patent No. 4,985,317 to Adachi et al, incorporated by reference herein in its entirety 
and for all purposes. 

A particularly suitable glass-ceramic material for the second layer of the 
protective composite is a lithium ion conductive glass-ceramic having the following 
composition: 

20 



Composition 


mol % 


P2O5 


26-55% 


SiO, 


0-15% 


Ge0 2 + Ti0 2 


25-50% 


in which Ge0 2 


0-50% 


Ti0 2 


0-50% 


ZrO, 


0-10% 


M 2 0^ 


0< 10% 


A1 2 0, 


0-15% 


Ga 2 0} 


0-15% 


Li 2 Q 


3-25% 
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and containing a predominant crystalline phase composed of Li| +x (M,AI,Ga) x (Ge i- 
vTi v )?.-xfP04)- t where X< 0.8 and 0< Y< 1.0. and where M is an element 
the group consisting of Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb and/or and 
Li| +x +yQxTi2-xSiyP3-yO|2 where 0< X< 0.4 and 0< Y< 0.6, and where Q is AI or Ga. 
5 The glass-ceramics are obtained by melting raw materials to a melt, casting the melt to 
a glass and subjecting the glass to a heat treatment. Such materials are available from 
OHARA Corporation, Japan and are further described in US Patent Nos. 5,702,995, 
6,030,909, 6,315,881 and 6,485,622, incorporated herein by reference. 

The high conductivity of some of these glasses, ceramics and glass-ceramics 

10 (ionic conductivity in the range of about 10* 7 to 10 3 S/cm or greater) may enhance 
performance of the protected lithium anode, and allow relatively thick films to be 
deposited without a large penalty in terms of ohmic resistance. 

Either layer may also include additional components. For instance, a suitable 
active metal compatible layer (first layer) may include a polymer component to 

15 enhance its properties. For example, polymer-iodine complexes like poly(2- 
vinylpyridine)-iodine (P2VP-I 2 ), polyethylene-iodine, or tetraalkylammonium-iodine 
complexes can react with Li to form a Lil-based film having significantly higher ionic 
conductivity than that for pure Lil. Also, a suitable first layer may include a material 
used to facilitate its use, for example, the residue of a thin wetting layer (e.g., Ag) 

20 used to prevent reaction between vapor phase lithium (during deposition) and LiPON 
when LiPON is used as a first layer material. 

In addition, the layers may be formed using a variety of techniques. These 
include deposition or evaporation (including e-beam evaporation) or thermal spray 
techniques such as plasma spray of layers of material, such as Li 3 N or an ionically 

25 conductive glass (e.g., LiPON). Also, as noted above, the active metal electrode 
adjacent layer may be formed in situ from the non-deleterious reaction of one or more 
precursors with the active metal electrode. For example, a Li 3 N layer may be formed 
on a Li anode by contacting Cu 3 N with the Li anode surface, or Li 3 P may be formed 
on a Li anode by contacting red phosphorus with the Li anode surface. 

30 Such compositions, components and methods for their fabrication are 

described in U.S. Provisional Patent Application No. 60/418,899, filed October 15, 
2002, titled Ionically Conductive Composites for Protection of Anodes and 
Electrolytes, its corresponding US Patent application No. 10/686,189 (Attorney 
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Docket No. PLUSP027), filed October 14, 2003, and titled Ionically Conductive 
Composites for Protection of Active Metal Anodes, and US Patent application 
No. 10/731,771 (Attorney Docket No. PLUSP027X1), filed December 5, 2003, and 
titled Ionically Conductive Composites for Protection of Active Metal 
5 Anodes. These applications are incorporated by reference herein in their entirety for 
all purposes. 

The composite barrier layer should have an inherently high ionic conductivity. 
In general, the ionic conductivity of the composite is at least 10" 7 S/cm, generally at 
least about 10* 6 to 10 5 S/cm, and may be as high as 10" 4 to 10 3 S/cm or higher. The 
10 thickness of the first precursor material layer should be enough to prevent contact 
between the second material layer and adjacent materials or layers, in particular, the 
active metal of the anode with which the separator is to be used. For example, the 
first material layer may have a thickness of about 0.1 to 5 microns; 0.2 to 1 micron; or 
about 0.25 micron. 

15 The thickness of the second material layer is preferably about 0.1 to 1000 

microns, or, where the ionic conductivity of the second material layer is about 10" 7 
S/cm, about 0.25 to 1 micron, or, where the ionic conductivity of the second material 
layer is between about 10* 4 about 10' 3 S/cm, about 10 to 1000 microns, preferably 
between I and 500 microns, and more preferably between 10 and 100 microns, for 

20 example 20 microns. 

When the first material layer is a precursor material chemically stable in air, 
for example Cu 3 N or LiPON, the protective composite battery separator may be 
handled or stored in normal ambient atmospheric conditions without degradation prior 
to incorporation into a battery cell. When the separator is incorporated into a battery 

25 cell, the precursor layer 202 is contacted with an active metal (e.g., lithium) electrode. 
The precursor reacts with the active metal to form an ionically conductive material 
that is chemically compatible with the active metal electrode material. The second 
layer is contacted with an electrolyte to which a cathode and current collector is or has 
been applied. Alternatively, the second layer acts as the sole electrolyte in the battery 

30 cell. In either case, the combination of the two layers in the protective composite 
protects the active metal electrode and the electrolyte and/or cathode from deleterious 
reaction with one another. 
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In addition to the protective composite laminates described above, a protective 
comoosite in accordance with the nresent invention mav alternatively he 

» A ~ ~ J 

compositionally and functionally graded, as illustrated in Fig. 2B. Through the use of 
appropriate deposition technology such as RF sputter deposition, electron beam 

5 deposition, thermal spray deposition, and or plasma spray deposition, it is possible to 
use multiple sources to lay down a graded film. In this way, the discrete interface 
between layers of distinct composition and functional character is replaced by a 
gradual transition of from one layer to the other. The result, as with the discrete layer 
composites described above, is a bi-functionally compatible ionically conductive 

10 composite 220 stable on one side 214 to lithium or other active metal (first material), 
and on the other side 216 substantially impervious and stable to ambient conditions, 
and ultimately, when incorporated into a battery cell, to the cathode, other battery cell 
components (second material). In this embodiment, the proportion of the first 
material to the second material in the composite may vary widely based on ionic 

15 conductivity and mechanical strength issues, for example. In many, but not all, 
embodiments the second material will dominate. For example, suitable ratios of first 
to second materials may be 1-1000 or 1-500, for example about 1 to 200 where the 
second material has greater strength and ionic conductivity than the first (e.g., 2000A 
of LiPON and 20-30 microns of a glass-ceramic such as described herein). The 

20 transition between materials may occur over any (e.g., relatively short, long or 
intermediate) distance in the composite. Other aspects of the invention apply to these 
graded protective composites substantially as to the discrete-layered laminate 
protective composites, for example, they may be used in the electrode and cell 
embodiments, etc. 

25 Fig. 3A illustrates an encapsulated anode structure incorporating a protective 

laminate composite in accordance with the present invention. The structure 300 
includes an active metal electrode 308, e.g., lithium, bonded with a current collector 
310, e.g., copper, and a protective composite 302. The protective composite 302 is 
composed of a first layer 304 of a material that is both ionically conductive and 

30 chemically compatible with an active metal electrode material, but not chemically 
compatible with electrolyte or oxidizing materials (e.g., air). For example, the first 
layer, in contact with the active metal, may be composed, in whole or in part, of active 
metal nitrides, active metal phosphides or active metal halides. Specific examples 
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include Li 3 N, Li 3 P, Lil, LiBr, LiCl and LiF. The thickness of the first material layer is 

preferably about 0. 1 to 5 microns, or 0.2 to 1 micron, for example about 0.25 micron. 

Active metal electrode materials (e.g., lithium) may be applied to these 

materials, or they may be formed in situ by contacting precursors such as metal 
5 nitrides, metal phosphides, metal halides, red phosphorus, iodine and the like with 

lithium. The in situ formation of the first layer may be by way of conversion of the 

precursors to a lithiated analog, for example, according to reactions of the following 

type (using P, Cu 3 N, and Pbl 2 precursors as examples): 

1 . 3Li + P = Li 3 P (reaction of the precursor to form Li-ion conductor); 
0 2(a). 3Li + Cu 3 N = Li 3 N + 3Cu (reaction to form Li-ion conductor/metal 

composite); 

2(b). 2Li + PW2 = 2 Lil + Pb (reaction to form Li-ion conductor/metal 
composite). 

First layer composites, which may include electronically conductive metal 

5 particles, formed as a result of in situ conversions meet the requirements of a first 
layer material for a protective composite in accordance with the present invention and 
are therefore within the scope of the invention. 

A second layer 306 of the protective composite is composed of a substantially 
impervious, ionically conductive and chemically compatible with the first material or 

0 precursor, including glassy or amorphous metal ion conductors, such as a phosphorus- 
based glass, oxide-based glass, phosphorus-oxynitride-based glass, sulfur-based glass, 
oxide/sulfide based glass, selenide based glass, gallium based glass, germanium-based 
glass or boracite glass; ceramic active metal ion conductors, such as lithium beta- 
alumina, sodium beta-alumina, Li superionic conductor (LISICON), Na superionic 

5 conductor (NASICON), and the like; or glass-ceramic active metal ion conductors. 
Specific examples include LiPON, Li 3 P0 4 Xi 2 S.SiS 2 , Li 2 S.GeS 2 .Ga 2 S 3 , Li 2 0 1 1 AI 2 0 3j 
Na 2 0 11AI 2 0 3 , (Na, Li), +x Ti 2 - X A1 X (P0 4 ) 3 (0.6< x< 0.9) and crystallographically 
related structures, Na 3 Zr 2 Si 2 PO, 2 , Li 3 Zr 2 Si 2 PO, 2 , Na 5 ZrP 3 O l2 , Na 5 TiP 3 O l2 , 
Na 3 Fe 2 P 3 O l2 , Na4NbP 3 0| 2 , Li 5 ZrP 3 O l2 , Li 5 TiP 3 O l2 , Li 3 Fe 2 P 3 0, 2 and Li4NbP 3 O l2 , and 

0 combinations thereof, optionally sintered or melted. Suitable ceramic ion active metal 
ion conductors are described, for example, in US Patent No. 4,985,317 to Adachi et 
aL, incorporated by reference herein in its entirety and for all purposes. Suitable 
glass-ceramic ion active metal ion conductors are described, for example, in US 
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Patents Nos. 5,702,995, 6,030,909, 6,315,881 and 6,485,622, previously incorporated 
herein bv reference and are available from OHARA Corooration. Jaoan. 

The ionic conductivity of the composite is at least 10~ 7 S/cm, generally at least 
10" 6 S/cm, for example at least 10~ 5 S/cm to 10" 4 S/cm, and as high as 10* 3 S/cm or 

5 higher. The thickness of the second material layer is preferably about 0.1 to 1000 
microns, or, where the ionic conductivity of the second material layer is about 10" 7 
S/cm, about 0.25 to 1 micron, or, where the ionic conductivity of the second material 
layer is between about 10" 4 about 10 3 S/cm, 10 to 1000 microns, preferably between 1 
and 500 micron, and more preferably between 10 and 100 microns, for example 20 

10 microns. 

When the anode structure is incorporated in a battery cell with a water or air 
cathode, the first layer 304 is adjacent to an active metal (e.g., lithium) anode and the 
second layer 306 is adjacent to cathode material and its associated aqueous electrolyte. 
As further described below, such battery cells also generally include a porous catalytic 
15 electronically conductive support structure to facilitate the cathodic reaction in the 
cell. 

As noted above with regard to the protective membrane separator structures 
described in connection with Figs. 2A and B, in addition to the protective composite 
laminates described above, a protective composite in accordance with the present 

20 invention may alternatively be compositional ly and functionally graded, as illustrated 
in Fig. 3B. Through the use of appropriate deposition technology such as RF sputter 
deposition, electron beam deposition, thermal spray deposition, and or plasma spray 
deposition, it is possible to use multiple sources to lay down a graded film. In this 
way, the discrete interface between layers of distinct composition and functional 

25 character is replaced by a gradual transition of from one layer to the other. The result, 
as with the discrete layer composites described above, is a bi-functionally compatible 
ionically conductive composite 320 stable on one side 314 to lithium or other active 
metal (first material), and on the other side 316 substantially impervious and stable to 
the cathode, other battery cell components and preferably to ambient atmosphere 

30 (second material). 

As noted with reference to the graded separator in Fig. 2B, in this embodiment 
the proportion of the first material to the second material in the composite may vary 
widely based on ionic conductivity and mechanical strength issues, for example. In 
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many, but not all, embodiments the second material will dominate. For example, 
suitable ratios of first to second materials may be 1-1000 or 1-500, for example about 
1 to 200 where the second material has greater strength and ionic conductivity than the 
first (e.g., 2000A of LiPON and 20-30microns of a glass-ceramic such as described 
herein). The transition between materials may occur over any (e.g., relatively short, 
long or intermediate) distance in the composite. 

Also, an approach may be used where a first material and second material are 
coated with another material such as a transient and/or wetting layer. For example, a 
glass-ceramic plate such as described herein (e.g. from OHARA Corp.) is coated with 
a LiPON layer, followed by a thin silver (Ag) coating. When lithium is evaporated 
onto this structure, the Ag is converted to Ag-Li and diffuses, at least in part, into the 
greater mass of deposited lithium, and a protected lithium electrode is created. The 
thin Ag coating prevents the hot (vapor phase) lithium from contacting and adversely 
reaction with the LiPON first material layer. After deposition, the solid phase lithium 
is stable against the LiPON. A multitude of such transient/wetting (e.g., Sn) and first 
layer material combinations can be used to achieve the desired result. 

A protective membrane in accordance with the present invention may be 
formed using a variety of methods. These include deposition or evaporation. 
Protective membrane composites of the present invention may be formed by 
deposition or evaporation (including e-beam evaporation) of the first layer of material 
or precursor on the second layer of material. Also, as noted above and described 
further below, the first layer may be formed in situ from the non-deleterious reaction 
of one or more precursors with an active metal electrode or material, by deposition or 
evaporation of lithium on the precursor, by direct contact of the precursor with a 
lithium metal (e.g., foil), or by plating of the precursor with lithium through a second 
layer material. In some embodiments, the second layer material may also be formed 
on the first layer material, as described further below. 

Referring to Fig. 4A, a first method for forming a protective membrane 
composite in accordance with the present invention is shown. A first layer, that is a 
highly ionically conductive active metal chemically compatible material, is directly 
deposited onto a second layer material, that is a substantially impervious, ionically 
conductive material, for example, a highly ionically conductive glass or glass-ceramic 
material such as LiPON or a glass-ceramic material described above. This can be 
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done by a variety of techniques including RF sputtering, e-beam evaporation, thermal 
evaporation, or reactive thermal or e-beam evaporation, for example. In the particular 
example illustrated in the figure, lithium is evaporated in a nitrogen plasma to form a 
lithium nitride (Li 3 N) layer on the surface of a glass-ceramic material such as the 
5 glass-ceramic material described above. This is followed by evaporation of lithium 
metal onto the Li 3 N film. The Li 3 N layer separates the lithium metal electrode from 
the second material layer, but allows Li ions to pass from the Li electrode through the 
glass. Of course, other active metal, and first and second layer materials, as described 
herein, may be used as well. 

10 Alternatively, referring to Fig. 4B, a second method for forming a protective 

membrane composite in accordance with the present invention is shown. The 
ionically conductive chemically compatible first layer material is formed in situ 
following formation of a precursor layer on the second layer material. In the 
particular example illustrated in the figure, a surface of a glass-ceramic layer, for 

15 example one composed of the a glass-ceramic material described above, is coated with 
red phosphorus, a precursor for an active metal (in this case lithium) phosphide. Then 
a layer of lithium metal is deposited onto the phosphorus. The reaction of lithium and 
phosphorus forms Li 3 P according to the following reaction: 3Li + P = Li3P. Li 3 P is 
an ionically conductive material that is chemically compatible with both the lithium 

20 anode and the glass-ceramic material. In this way, the glass-ceramic (or other second 
layer material) is not in direct contact with the lithium electrode. Of course, other 
active metal, first layer precursor and second layer materials, as described herein, may 
be used as well. Alternative precursor examples include Cu 3 N which may be formed 
as a thin layer on a second layer material (e.g., glass-ceramic) and contacted with a Li 

25 anode in a similar manner according to the following reaction: 3Li + Cu 3 N = Li 3 N + 3 
Cu; or lead iodide which may be formed as a thin layer on a polymer electrolyte and 
contacted with a Li anode in a similar manner according to the following reaction: 2Li 
+ Pbl 2 = 2 Lil + Pb. 

In another alternative, illustrated in Fig. 5, a protective membrane composite 
30 in accordance with the present invention may alternatively be compositionally and 
functionally graded so that there is a gradual transition of from one layer to the other. 
For example, a plasma spray operation with two spray heads, one for the deposition of 
a first component material, such as Li 3 N, Cu 3 N, Li 3 P, LiPON, or other appropriate 
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material, and the other for the deposition of a second component material, such as an 
glass-ceramic, for example as available for OHARA Corp., may be used. The first 
plasma spray process begins laying down a layer of pure glass-ceramic material, 
followed by a gradual decrease in flow as the second plasma spray torch is gradually 
5 turned on, such that there is a gradient from pure glass-ceramic to a continuous 
transition from glass-ceramic to pure LiPON or Li 3 N, etc. In this way, one side of the 
membrane is stable to active metal (e.g., lithium, sodium, etc.) and the other side is 
substantially impervious and stable to the cathode, other battery cell components and 
preferably to ambient conditions. Electron beam deposition or thermal spray 
10 deposition may also be used. Given the parameters described herein, one or skill in 
the art will be able to use any of these techniques to form the graded composites of the 
invention. 

To form a protected anode, lithium is then bonded to the graded membrane on 
the first layer material (stable to active metal) side of the graded protective composite, 
15 for example by evaporation of lithium onto the protective composite as described 
above. It may also be desirable to add a bonding layer on top of the lithium stable side 
of the graded composite protective layer, such as Sn, Ag, Al, etc., before applying 
lithium. 

In any of the forgoing methods described with reference to Figs. 4A-B and 5, 
20 rather than forming a lithium (or other active metal) layer on the first layer material or 
precursor, the first layer material or precursor of the protective composite may be 
contacted with the lithium by bonding metallic lithium to the protective interlayer 
material or precursor, for example by direct contact with extruded lithium metal foil. 

In a further embodiment, a suitable substrate, e.g., having a wetting layer, such 
25 as a film of tin on copper, may be coated with a first layer material precursor, e.g., 
Cu 3 N. This may then be coated with a second layer material, e.g., a (ionically) 
conductive glass. An active metal electrode may then be formed by plating the tin 
electrode with lithium (or other active metal), through the first and second layer 
materials. The Cu 3 N precursor is also converted to Li 3 N by this operation to complete 
30 the protective composite in accordance with the present invention on a lithium metal 
electrode. Details of an active metal plating process are described in commonly 
assigned US Patent No. 6,402,795, previously incorporated by reference. 
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With regard to the fabrication methods described above it is important to note 
that commercial lithium foils are typically extruded and have numerous surface 
defects due to this process, many of which have deep recesses that would be 
unreachable by line-of-sight deposition techniques such as RF sputter deposition, 

5 thermal and E-beam evaporation, etc. Another issue is that active metals such as 
lithium may be reactive to the thin-film deposition environment leading to further 
deterioration of the surface during the coating process. This typically leads to gaps and 
holes in a membrane deposited onto the surface of an active metal electrode. 
However, by inverting the process, this problem is avoided; lithium is deposited on 

10 the protective membrane rather than the protective membrane being deposited on 
lithium. Glass, and glass-ceramic membranes can be made quite smooth either by 
melt-casting techniques, cut and polish methods, or a variety of known methods 
leading to smooth surfaces (lithium is a soft metal that cannot be polished). Single or 
multiple smooth, gap-free membranes may then be deposited onto the smooth surface. 

15 After deposition is complete, active metal can be deposited onto the smooth surface 
by evaporation, resulting in an active metal/protective membrane interface that is 
smooth and gap-free. Alternatively, a transient bonding layer such as Ag can be 
deposited onto the protective membrane such that extruded lithium foil can be joined 
to the membrane by pressing the foil against the Ag layer. 

20 Also as noted above, in an alternative embodiment of the invention the first 

layer may include additional components. For instance, a suitable first layer may 
include a polymer component to enhance its properties. For example, polymer-iodine 
complexes like poly(2-viny!pyridine)-iodine (P2VP-I 2 ), polyethylene-iodine, or 
tetraalkylammonium-iodine can react with Li to form an ionically conductive Lil- 

25 based film that is chemically compatible with both an active metal and a second layer 
material as described herein. Without intending to be bound by theory, it is expected 
that the use of polymer-iodine charge transfer complexes can lead to formation of 
composites containing Lil and polymer and having significantly higher ionic 
conductivity than that for pure Lil. Other halogens may also be used in this manner, 

30 for example in bromine complexes. 

Referring to Fig. 6A, a first embodiment of this aspect of the present invention 
is shown. A polymer layer and a layer of iodine are coated on a second layer material 
surface and allowed to react forming polymer-iodine complex. 
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According to this method, a thin layer of polymer may be applied to the second 
material layer (e.g., conductive glass) using brushing, dipping, or spraying. For 
example, a conductive glass layer may be coated with a thin (e.g, 0.5 to 2.0 micron, 
preferably 0. 1 to 0.5 micron) layer of P2VP in this way. 
5 One technique for applying an iodine coating is sublimation of crystalline 

iodine that can be achieved at room temperature (e.g., about 20 to 25°C) in a reactor 
placed in the dry box or in a dry room. A sublimed layer of iodine can be made very 
thin (e.g., 0.05 to 1.0 microns and the rate of sublimation can be adjusted by varying 
the temperature or distance between the substrate and source of iodine. 

10 Alternatively, high concentrations (e.g., 50 to 100 g/liter of iodine can be 

dissolved in an organic solvent, such as acetonitrile and n-heptane. Dissolved iodine 
can be coated on the conductive glass surface by such methods as dip coating, 
spraying or brushing, among others. In this case, treatment conditions can be easily 
changed by varying the length of coating treatment and iodine concentrations. 

J 5 Examples of iodine sources for this technique include metal iodides are Agl and Pbl 2 , 
which are known to be used as the cathode materials in solid-state batteries with Li 
anode and Lil-based solid electrolyte. 

Then, lithium (or other active metal) is contacted with the polymer-iodine 
complex on the conductive glass (or other second layer material), for example by 

20 evaporation or pressing onto the glass coated with this complex. The result is a Lil- 
containing composite protective barrier layer on the Li anode. 

Referring to Fig. 6B, an alternative embodiment of this aspect of the present 
invention is shown. A conductive glass (or other second layer material) surface is 
coated with a thin layer of iodine, such as by a technique described above, that can 

25 react with Li forming Lil layer (A). 

Active metal, for example lithium foil, can be coated with a thin layer of 
polymer (B), for example as described above, and then contacted with the iodine layer 
on the glass. After assembly, iodine reacts with the polymer layer and, as a result, Lil- 
containing composite protective barrier layer with reduced impedance is formed. 

30 The protected anode structures with fully-formed protective layers and battery 

separators incorporating ambient stable precursors described above may be handled or 
stored in normal ambient atmospheric conditions without degradation prior to 
incorporation into a battery cell. 
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Active Metal/Aqueous Cells 

Thf> nrntf»rfp.H nr.tivf* mp.fal anorlpc Hpcrrih^H h#»rf»in pnahlp th*» rAnrfmohnn 

- • • — — — ' — - * * — - — • — —-w^w www a w «•■»■• «r aaw»»s v a- a aw WWl«tJklla«_/laVa| V/l 

active metal battery and other electrochemical cells having aqueous constituents in 
their cathodes, such as Li/water cells, Li/air cells and Li/metal hydride cells. 
5 Generally, such cells have a cathode structure comprising an electronically conductive 
component, an ionically conductive component, and an electrochemically active 
component, with at least one of these cathode structure components having an 
aqueous composition or constituent. These cells have greatly enhanced performance 
characteristics relative to conventional cells. As described further below, the cells 

10 have a broad array of potential implementations and applications. While these cell 
types operate according to different electrochemical reactions and have 
electrochemically active components in their cathodes drawn from different states 
(primarily liquid, gas and solid states, respectively), each of these cell types includes 
the common feature of an aqueous constituent for Li ion transport on the cathode side 

15 of the cell. The decoupling of the anode and cathode by the protective membrane 
allows for the fabrication of this powerful new type of battery or other electrochemical 
cell. 

Active Metal/Water Cells 

The present invention provides novel active metal/water battery and other 
20 electrochemical cells. These cells have an active metal, e.g., alkali metal, e.g., 
lithium (Li), anode with a protective membrane and a cathode structure with an 
aqueous electrochemically active component, for example water or aqueous peroxide 
solutions. The anode side of these cells is described above. In a cell, any part of the 
active metal electrode that is not covered by the protective membrane will generally 
25 be sealed off from the aqueous cathode environment, such as by a current collector 
material (e.g., copper), an o-ring seal, a crimp seal, polymer or epoxy sealant, or 
combination of these. 

The cathode side of these cells includes a cathode structure with an 
electronically conductive component, an ionically conductive component, and at least 
30 an aqueous electrochemically active component. The aqueous electrochemically 
active component of these cells frequently has native ionic conductivity so that a 
single solution may act as both the electrochemically active component and the 
ionically conductive component. As described further with reference to specific 
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embodiments below, the cells have an electronically conductive support structure 
electrically connected with the anode to allow electron transfer to reduce the cathode 
material (e.g., HoO in a Li/water cell). The electronically conductive support structure 
is generally porous to allow fluid flow and either catalytic (e.g., Ni, Pt) or treated with 
5 a catalyst to catalyze the reduction of the cathode material. An aqueous electrolyte 
with suitable ionic conductivity is generally in contact with the electronically 
conductive support structure to allow ion transport through the electronically 
conductive support structure to complete the redox reaction. 

The electronically conductive support structure may also be treated with an 

10 ionomer, such as per-fluoro-sulfonic acid polymer film (e.g., du Pont NAFION) to 
expand the range of acceptable aqueous electrochemically active components to those 
having little or no native ionic conductivity. An additional advantage of ionomers like 
NAFION is that the salt is chemically bonded to the polymer backbone, and therefore 
cannot be flushed out in flow-through or open cell implementations, described below. 

15 The battery cells may be primary or secondary cells. For primary cells, the 

cathode side of the cells may be open to the environment and the oxidized lithium on 
the cathode side of the cell may simply disperse into the environment. Such a cell 
may be referred to as an "open" cell. Cells for marine applications which use sea 
water as an electrochemically active and ionically conductive material are an example. 

20 For secondary cells, the oxidized lithium is retained in a reservoir on the cathode side 
of the cell to be available to recharge the anode by moving the Li ions back across the 
protective membrane when the appropriate potential is applied to the cell. Such a cell 
may be referred to as a "closed" cell. Such closed cells require venting for the 
hydrogen produced at the cathode. Appropriate battery cell vents are known in the art. 

25 An example of an active metal/water battery cell in accordance with the 

present invention is a lithium/water battery cell, as conceptually illustrated above in 
Fig. 1 . Fig. 7 illustrates a specific implementation of such a lithium/water battery cell 
in accordance with the present invention. The battery cell 700 includes a lithium 
negative electrode (anode) 702. Alternatively, another active metal, particularly an 

30 alkali metal, may be used. The lithium metal electrode can be bonded to a lithium ion 
conductive protective membrane 704 according to any of the techniques described 
herein and in the patent applications incorporated by reference, as described above, 
with or without the use of a bond coat such as a thin layer of Ag or other suitable 
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alloying metal, depending upon the technique used. The cell also includes a cathode 

structure comoosed of a oorous catalvtic electronically conductive sunnort structure, 
* *. * * — 

706, a electrochemically active material (e.g., water) and an aqueous electrolyte 708 
(e.g., salt water, or aqueous solutions of LiCl, LiBr, Li I, NH 4 C1, NH 4 Br, etc. may act 

5 as both the electrochemically active component and the ionically conductive 
component; or, as noted below, in the case where ionomers are used, little or no salt 
may be needed). In some implementations, an optional separator (not shown) may be 
provided between the protective membrane 704 and the porous catalytic electronically 
conductive support structure 706. This separator may be useful to protect the 

10 protective membrane from the possibility of being damaged by any roughness on the 
porous catalytic electronically conductive support structure 706 and may provide a 
fluid reservoir for the aqueous cathode active material/electrolyte. It may be 
composed of a polyolefin such as polyethylene or polypropylene, for example a 
CELGARD separator. It should be understood that in this cell the electrochemically 

15 active component (water) and the ionically conductive component (aqueous 
electrolyte) will be intermixed in a single solution and are thus shown as the single 
element 708. 

As noted above, on the cathode side of the protective membrane, the cell 
includes a cathode structure with an electronically conductive component, an aqueous 

20 and/or ionomeric ionically conductive component, and at least an aqueous 
electrochemically active component. In one embodiment these components are 
represented by an aqueous electrolyte 708 and a porous catalytic electronically 
conductive support structure 706. The electrochemically active material in a Li/water 
battery is water. While not so limited, the electrochemical reaction between the Li 

25 ions from the anode and the water is believed to be described by the following 
reaction scheme: 

Li + H 2 0 = LiOH + 1/2 H 2 . 
Thus, for every mol of Li and water reacted, a mol of LiOH and one half mol of 
hydrogen gas is produced. 

30 The cell's aqueous electrolyte provides ion carriers for transport 

(conductivity) of Li ions and anions that combine with Li. As noted above, the 
electrochemically active component (water) and the ionically conductive component 
(aqueous electrolyte) will be intermixed as a single solution, although they are 
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conceptually separate elements of the battery cell. Suitable electrolytes for the 
Li/water battery cell of the invention include any aqueous electrolyte with suitable 
ionic conductivity. Suitable electrolytes may be acidic, for example, strong acids like 
HC1, H 2 S0 4 , H3PO4 or weak acids like acetic acid/Li acetate; basic, for example, 
5 LiOH; neutral, for example, sea water, LiCl, LiBr, Lil; or amphoteric, for example, 
NH 4 C1, NH 4 Br, etc 

The suitability of sea water as an electrolyte enables a battery cell for marine 
applications with very high energy density. Prior to use, the cell structure is 
composed of the protected anode and the porous electronically conductive support 
10 structure (electronically conductive component). When needed, the cell is completed 
by immersing it in sea water which provides the electrochemical ly active and ionically 
conductive components. Since the latter components are provided by the sea water in 
the environment, they need not transported as part of the battery cell prior to it use 
(and thus need not be included in the cell's energy density calculation ). Such a cell is 
15 referred to as an "open" cell since the reaction products on the cathode side are not 
contained. Such a cell is, therefore, a primary cell. 

Secondary Li/water cells are also possible in accordance with the invention. 
As noted above, such cells are referred to as "closed" cells since the reaction products 
on the cathode side are contained on the cathode side of the cell to be available to 
20 recharge the anode by moving the Li ions back across the protective membrane when 
the appropriate recharging potential is applied to the cell. 

As noted above and described further below, in another embodiment of the 
invention, ionomers coated on the porous catalytic electronically conductive support 
reduce or eliminate the need for ionic conductivity in the electrochemical ly active 
25 material. 

The electrochemical reaction that occurs in a Li/water cell is a redox reaction 
in which the electrochemical ly active cathode material gets reduced. In a Li/water 
cell, the catalytic electronically conductive support facilitates the redox reaction. As 
noted above, while not so limited, in a Li/water cell, the cell reaction is believed to be: 
30 Li + H 2 0 = LiOH + 1/2 H 2 . 

The half-cell reactions at the anode and cathode are believed to be: 

Anode: Li = Li + + e" 

Cathode: e* + H 2 0 = OH" +I/2H 2 
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Accordingly, the catalyst for the Li/water cathode promotes electron transfer 
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this reaction is nickel metal; precious metals like Pt, Pd, Ru, Au, etc. will also work 
but are more expensive. 
5 Also considered to be within the scope of Li (or other active metal)/water 

batteries of this invention are batteries with a protected Li anode and an aqueous 
electrolyte composed of gaseous and/or solid oxidants soluble in water that can be 
used as active cathode materials (electrochemically active component). Use of water 
soluble compounds, which are stronger oxidizers than water, can significantly increase 
battery energy in some applications compared to the lithium/water battery, where 
during the cell discharge reaction, electrochemical hydrogen evolution takes place at 
the cathode surface. Examples of such gaseous oxidants are 0 2 , S0 2 and N0 2 . Also, 
metal nitrites, in particular NaN0 2 and KN0 2 and metal sulfites such as Na 2 S0 3 and 
K 2 S0 3 are stronger oxidants than water and can be easily dissolved in large 
15 concentrations. Another class of inorganic oxidants soluble in water are peroxides of 
lithium, sodium and potassium, as well as hydrogen peroxide H 2 0 2 . 

The use of hydrogen peroxide as an oxidant can be especially beneficial. 
There are at least two ways of utilizing hydrogen peroxide in a battery cell in 
accordance with the present invention. First of all, chemical decomposition of 
20 hydrogen peroxide on the cathode surface leads to production of oxygen gas, which 
can be used as active cathode material. The second, perhaps more effective way, is 
based on the direct electroreduction of hydrogen peroxide on the cathode surface. In 
principal, hydrogen peroxide can be reduced from either basic or acidic solutions. 
The highest energy density can be achieved for a battery utilizing hydrogen peroxide 
25 reduction from acidic solutions. In this case a cell with Li anode yields E° = 4.82 V 
(for standard conditions) compared to E°=3.05 V for Li/Water couple. However, 
because of very high reactivity of both acids and hydrogen peroxide to unprotected Li, 
such cell can be practically realized only for protected Li anode in accordance with the 
present invention. 

30 In order to increase efficiency of hydrogen peroxide reduction on the cathode 

surface, especially at high discharge rates, electrolyte flow can be used in 
lithium/water cells with dissolved hydrogen peroxide. In this case hydrogen peroxide 
plays a role of a fuel continuously supplied to the cathode surface. High energy 
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density cells for marine applications having a protected Li anode in accordance with 
the present invention can utilize hydrogen peroxide dissolved in sea water and 
continuously flowing through the cell. 
Active Metal/Air Battery Cells 
5 Active metal/air battery cells are another class of active metal/aqueous cells in 

accordance with the present invention. These cells have an active metal, e.g., alkali 
metal, e.g., lithium (Li), anode with a protective membrane and a cathode structure 
with air as the electrochemicalJy active component. While not so limited, the 
electrochemical reaction between the Li ions from the anode and the air is believed to 
10 be described by one or more of the following reaction schemes: 

Li + 1/2 H 2 0 + 1/4 0 2 = LiOH 
Li + 1/4 0 2 = 1/2 Li 2 0 
Li 1/2 0= I/2Li 2 0 2 

Thus both moisture (H 2 0) and oxygen in the air are participants in the electrochemical 
15 reaction. 

The anode side of these cells is the same as for any of the active metal/aqueous 
cells provided herein, and is described above. In a cell, any part of the active metal 
i electrode that is not covered by the protective membrane will generally be sealed off 

from the air cathode environment, such as by a current collector material (e.g., 
20 copper), an o-ring seal, a crimp seal, polymer or epoxy sealant, or combination of 
these. 

The cathode side of these cells includes a cathode structure with an 
electronically conductive component, an ionically conductive component, and air as 
an electrochemical ly active component. The air electrochemically active component 

25 of these cells includes moisture to provide water for the electrochemical reaction. As 
described further with reference to specific embodiments below, the cells have an 
electronically conductive support structure electrically connected with the anode to 
allow electron transfer to reduce the air cathode active material. The electronically 
conductive support structure is generally porous to allow fluid (air) flow and either 

30 catalytic or treated with a catalyst to catalyze the reduction of the cathode active 
material. An aqueous electrolyte with suitable ionic conductivity or ionomer is also in 
contact with the electronically conductive support structure to allow ion transport 
within the electronically conductive support structure to complete the redox reaction. 
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One example of a Li/air battery cell in accordance with the present invention is 
illustrated in Fig. 8. In the embodiment, the cell 800 includes an active metal negative 
electrode (anode) 808, e.g., lithium, bonded with a current collector 810, e.g., copper, 
and a laminate protective membrane composite 802. As described above, a protective 
5 membrane composite laminate 802 is composed of a first layer 804 of a material that 
is both ionically conductive and chemically compatible with an active metal electrode 
material, and a second layer 806 composed of a material substantially impervious, 
ionically conductive and chemically compatible with the first material and an aqueous 
environment. The cell also includes a cathode structure (sometimes referred to as an 
10 "air electrode") 812 with an electronically conductive component, an aqueous and/or 
ionomeric ionically conductive component, and air as the electrochemically active 
component. As with the Li/water cells, in some implementations, an optional 
separator (not shown) may be provided between the protective membrane 802 and the 
cathode structure. This separator may be useful to protect the protective membrane 
15 from the possibility of being damaged by any roughness on the cathode structure 812, 
which may be a porous catalytic electronically conductive support structure, as 
described further below. In the case of Li/air batteries with acidic electrolyte, the 
separator can improve cell capacity delivered before the electrolyte converts into a 
basic solution due to the cell discharge reaction and, accordingly, becomes reactive to 
20 atmospheric CO2 (carbonation reaction). It may be composed of a polyolefin such as 
polyethylene or polypropylene, for example a CELGARD separator. 

The cathode structure 812 includes an electronically conductive component 
(for example, a porous electronic conductor, an ionically conductive component with 
at least an aqueous constituent, and air as an electrochemically active component. It 
25 may be any suitable air electrode, including those conventionally used in metal (e.g., 
Zn)/air batteries or low temperature (e.g., PEM) fuel cells. Air cathodes used in 
metal/air batteries, in particular in Zn/air batteries, are described in many sources 
including "Handbook of Batteries" (Linden and T. B. Reddy, McGraw-Hill, NY, 
Third Edition) and are usually composed of several layers including an air diffusion 
30 membrane, a hydrophobic Teflon layer, a catalyst layer, and a metal electronically 
conductive component/current collector, such as a Ni screen. The catalyst layer also 
includes an ionically conductive component/electrolyte that may be aqueous and/or 
ionomeric. A typical aqueous electrolyte is composed of KOH dissolved in water. An 
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typical ionomeric electrolyte is composed of a hydrated (water) Li ion conductive 
polymer such as a per-fluoro-sulfonic acid polymer film (e.g., du Pont NAFION). The 
air diffusion membrane adjusts the air (oxygen) flow. The hydrophobic layer prevents 
penetration of the cell's electrolyte into the air-diffusion membrane. This layer 
5 usually contains carbon and Teflon particles. The catalyst layer usually contains a 
high surface area carbon and a catalyst for acceleration of reduction of oxygen gas. 
Metal oxides, for example Mn0 2 , are used as the catalysts for oxygen reduction in 
most of the commercial cathodes. Alternative catalysts include metal macrocycles 
such as cobalt phthalocyanine, and highly dispersed precious metals such at platinum 
10 and platinum/ruthenium alloys. Since the air electrode structure is chemically isolated 
from the active metal electrode, the chemical composition of the air electrode is not 
constrained by potential reactivity with the anode active material. This can allow for 
the design of higher performance air electrodes using materials that would normally 
attack unprotected metal electrodes. 

15 Since metal/air batteries obtain the cathode active reactant from the ambient 

environment, the volumetric and gravimetric energy densities are very high. The high 
energy density of metal/air batteries makes them attractive for a wide variety of 
applications where weight and size are a premium. Unfortunately, conventional 
metal/air batteries suffer from parasitic reactions in which the metal electrode 

20 corrodes to generate hydrogen. The anode corrosion reaction can be minimized by 
incorporating KOH in the electrolyte. However, this introduces another problem as 
C0 2 from the air is converted to K 2 C0 3 in the air electrode, thereby forming 
precipitates that cause premature failure of the cell. Such problems are eliminated by 
the subject invention in that the active metal electrode is isolated from the aqueous 

25 electrolyte, preventing corrosion of the anode. Since the anode does not corrode in the 
electrolyte solution, and is in fact de-coupled from it, the air electrode can be 
formulated with neutral (LiCI), basic (KOH), or acidic (NH 4 C1, HC1, etc.) electrolyte. 
While not so limited, for the case of acidic electrolyte, shown below, the cell reaction 
is believed to proceed by forming lithium chloride. In such a cell, the air electrode 

30 does not scavenge C0 2 from the air, and there is no K 2 C0 3 formation. 

Li + 1/202 + NH4CI = LiCI + NH 3 
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The subject invention allows the use of neutral or acidic electrolytes in active 
metal/air batteries due to the fact that the aqueous electrolyte is not in contact with the 
metal anode, and thereby cannot corrode the metal anode. 

The Li/air cells of the present invention may be either primary or secondary 

5 cells. 

Active Metal/Metal Hydride Battery Cell 

Another type of active metal/aqueous battery cell incorporating a protected 
anode and a cathode structure with an aqueous component in accordance with the 
present invention is a lithium (or other active metal)/metal hydride battery, as 

10 illustrated in Fig. 9. For example, protected lithium anodes as described herein can be 
discharged and charged in aqueous solutions suitable as electrolytes in a lithium/metal 
hydride battery. Suitable electrolytes provide a source or protons. Examples include 
aqueous solutions of halide acids or acidic salts, including chloride or bromide acids 
or salts, for example HC1, HBr, NH 4 C1 or NHUBr. 

15 During discharge, lithium ions from the anode pass through the ionically 

conductive protective membrane into the aqueous electrolyte, and protons are reduced 
to hydride ions that are incorporated into the metal alloy positive electrode (cathode). 
Thus, the cathode side of the cell has a cathode structure an electronically conductive 
component (metal alloy), an ionically conductive component (aqueous electrolyte), 

20 and an electrochemically active component (protons/metal alloy). This is analogous 
to known metal hydride chemistry used in nickel/metal hydride (Ni/MH) batteries. 
However, in this case the acid in the electrolyte is consumed and converted to lithium 
salt. The cells may be primary, but are generally secondary (rechargeable) due to 
materials costs. On recharge of secondary cells, lithium ions are transported through 

25 the protective membrane to the lithium electrode and reduced to Li metal, while the 
metal hydride is oxidized to release protons and regenerate the acid electrolyte. Such 
a cell exhibits excellent cycle life due to the highly reversible nature of the positive 
and negative electrodes. 

While not so limited, the half and full cell reactions for a lithium/metal hydride 

30 cell in accordance with the present invention are believed to be as follows: 

Anode: Li = Li + + e" 

Cathode: HC1 + M + e = MH + CI" 

Cell Reaction: Li + HC1 + M = LiCl + MH 
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Metal hydride alloys are well known to those skilled in the art, and are generally 
chosen from rare earth based alloys (Misch metal) designated as AB 5 (LaNi 5 and 
LaCo.5 with partial substitutions to improve performance) and AB 2 alloys consisting of 
titanium and zirconium (such as ZrNi 2 ). The metal hydride electrode is typically 
5 engineered as a highly porous structure having a perforated nickel foil or grid onto 
which a polymer-bonded active hydrogen storage alloy is coated. The metal hydride 
electrode is used commercially in the nickel/metal hydride (Ni/MH) battery. In this 
chemistry, an alkaline electrolyte is used, and the hydride alloys are modified to 
perform well in alkaline conditions. For the case of a Li/MH battery, the electrolyte 
10 will be acidic, and so the composition of the AB 5 or AB 2 alloy may be modified to 
cycle well in acidic electrolytes. 

Li/Water Battery and Hydrogen Generator for Fuel Cell 

The use of protective layers on active metal electrodes in accordance with the 
present invention allows the construction of active metal/water batteries that have 
15 negligible corrosion currents, described above. The Li/water battery has a very high 
theoretical energy density of 8450 Wh/kg. The cell reaction is Li + H 2 0 = Li OH + 
1/2 H 2 . Although the hydrogen produced by the cell reaction is typically lost, in this 
embodiment of the present invention it is used to provide fuel for an ambient 
temperature fuel cell. The hydrogen produced can be either fed directly into the fuel 
cell or it can be used to recharge a metal hydride alloy for later use in a fuel cell. At 
•east one company, Millenium Cell 

<<http://www.millenn iumcell.com/news/tech.html >> makes use of the reaction of 
sodium borohydride with water to produce hydrogen. However, this reaction requires 
the use of a catalyst, and the energy produced from the chemical reaction of NaBH 4 
and water is lost as heat. 

NaBH 4 + 2 H 2 0 — > 4 H 2 + NaB0 2 
When combined with the fuel cell reaction, H 2 + 0 2 = H 2 0, the full cell reaction is 
believed to be: 

NaBH 4 + 20 2 — > 2 H 2 0 + NaB0 2 
The energy density for this system can be calculated from the equivalent weight of the 
NaBH4 reactant (38/4 = 9.5 grams/equiv.). The gravimetric capacity of NaBH4 is 
2820 mAh/g; since the voltage of the cell is about 1, the specific energy of this system 
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is 2820 Wh/kg. If one calculates the energy density based on the end product NaBC>2, 

th%f> f*rM*rrr\r rl^nciti/ ic \r\wor *aKmit 1 AOH YX/h/Lrr 

In the case of the Li/water cell, the hydrogen generation proceeds by an 
electrochemical reaction believed described by: 

5 Li + H 2 0 = LiOH + 1/2 H 2 

In this case, the energy of the chemical reaction is converted to electrical energy in a 3 
volt cell, followed by conversion of the hydrogen to water in a fuel cell, giving an 
overall cell reaction believed described by : 

Li + 1/2 H 2 0 + 1/4 0 2 = Li OH 

10 where all the chemical energy is theoretically converted to electrical energy. The 
energy density based on the lithium anode is 3830 mAh/g at a cell potential of about 3 
volts which is 1 1 ,500 Wh/kg (4 times higher than NaBHU). If one includes the weight 
of water needed for the reaction, the energy density is then 5030 Wh/kg. If the energy 
density is based on the weight of the discharge product, LiOH, it is then 3500 Wh/kg, 

15 or twice the energy density of the NaB0 2 system. This can be compared to previous 
concepts where the reaction of lithium metal with water to produce hydrogen has also 
been considered. In that scenario the energy density is lowered by a factor of three, 
since the majority of the energy in the Li/H 2 0 reaction is wasted as heat, and the 
energy density is based on a cell potential for the H 2 /0 2 couple (as opposed to 3 for 

20 Li/H 2 0) which in practice is less than one. In this embodiment of the present 
invention, illustrated in Fig. 10, the production of hydrogen can also be carefully 
controlled by load across the Li/water battery, the Li/water battery has a long shelf life 
due to the protective membrane, and the hydrogen leaving the cell is already 
humidified for use in the H 2 /air fuel cell. 

25 Catalytic Electronically Conductive Support Structures for Li/water and Li/air 

Cells 

Any suitable catalytic electronically conductive support structure sufficiently 
porous so that surface area is maximized without limiting mass transfer of the 
electrochemically active material may be used in the Li/water and Li/air cells of the 
30 present invention. Suitable porous support materials include those that are inherently 
electronically conductive and those that are treated (e.g., coated) to become 
electronically conductive. Supports composed of a porous material that is not 
electronically conductive (but possibly ionically conductive) include alumina, silica 
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glass, ceramics, glass-ceramics and water-stable polymers. The insulating support is 
metallized in order to carry current. Insulating supports can be metallized by a 
process known as electroless deposition in which a catalyst and reducing agent are 
adsorbed onto the surface of the insulator before exposing it to a solution of metal 
5 ions in solution which are reduced to metal on the surface according to techniques 
known in the art. Typical metal coatings are copper and nickel. Nickel is particularly 
preferred for its catalytic properties (particularly in Li/water cells). 

Suitable glass, ceramic, and glass-ceramic supports can be an inert material, or 
made from an ionically conductive material such as are suitable for the protective 

10 membrane described herein. The porous support may be made through tape-casting or 
extrusion of a glass or ceramic or glass-ceramic powder/polymer binder/solvent 
mixture. Onto the porous support a second layer of finer glass or ceramic or glass- 
ceramic powder could be laid down by tape-casting or extrusion such that when the 
two-layer article is fired, the coarse support layer retains porosity while the thin-film 

15 densifies completely to become the a component of the protective membrane. 
Alternatively, the support layer could be pre-fired, and then a thin-film laid down by 
tape-casting or extrusion, and fired to full density. 

A glass, ceramic or glass-ceramic component of the protective membrane can 
also be applied by melt-spray techniques, such as plasma-spray and vacuum plasma- 

20 spray, or other thermal spray techniques; such films may also need heat treatment as 
described as described in the publication Jie Fu, /. Amen Ceram. Soc, 80 [7] p. 1901- 
1903 (1997) and the patents of OHARA Corp., previously cited and incorporated by 
reference herein, to improve the ionic conductivity of the solid In such processes, the 
membrane material may be supplied to a plasma torch nozzle as a powder, and 

25 sprayed out of the nozzle as fine molten droplets. The molten droplets hit the 
substrate and solidify. In this manner, a glass, ceramic or glass-ceramic film can be 
directly deposited onto dense or porous substrates to produce either a porous or dense 
film, depending on operating parameters. 

Suitable polymeric supports include polyethylene, polypropylene, Kevlar, 

30 Nylon, etc. As an example, a thin glass-ceramic layer may be tape-cast and fired to 
full density. Then the polymeric support would be deposited onto the glass-ceramic 
film by tape-casting of a polymer/binder/solvent film, and allowed to dry. 
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Suitable inherently electronically conductive supports included co-fired and 
nre-fireri metals. A oorous stainless steel suDDort mav be fabricated throueh taoe- 
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casting or extrusion. Onto the porous support, a thin glass or glass-ceramic layer 
could be deposited by tape-casting. The 2-layer structure could then be fired at low 

5 temperature (e.g., < 900°C) in air, or at higher temperatures under reducing conditions 
(e.g., H2 furnace) to minimize oxidation of the stainless steel support during sintering. 
A porous nickel support could be fabricated as described above, but would have to be 
fired under reducing conditions to prevent oxidation of Ni to NiO. Alternatively, the 
porous support is pre-fired to the desired porosity. A second layer of glass-ceramic 

10 could be applied to the porous support by tape-casting, aerosol-spray coating, 
electrophoretic deposition, etc. Since the substrate will not sinter during firing (since 
it is pre-sintered), the film will undergo constrained sintering (constrained by a non- 
sintering substrate). Since the film is a glass and can flow during firing, this is not a 
problem. 

15 Non-catalytic porous supports are impregnated with a catalyst to facilitate the 

reduction of water for reaction with the Li ions from the anode that pass through the 
protective layer. 

In the case of the nickel support, the nickel surface is catalytic for the 
reduction of water, and so, catalyst impregnation is probably unnecessary for that 
20 application. 

Sample Cell Fabrication, Components and Configurations 
Deposition Technique for Cell Fabrication 

Fig. 1 1 depicts the fabrication of a thin-film Li/water or Li/air battery using 
plasma-spray and other deposition techniques in accordance with one embodiment of 

25 the present invention. A laminate protective composite membrane is formed on a 
porous nickel catalytic electronically conductive support. Then lithium metal is 
deposited on the protective membrane. An advantage of using plasma-spray is that 
the substrate can be maintained at a relatively low temperature; so, for example the 
porous nickel support will at a sufficiently low temperature (below about 500°C) that 

30 the conversion of Ni to NiO is prevented. The porous Ni support is then covered with 
a thin glass or glass-ceramic membrane by plasma-spray. A subsequent lithium 
compatible layer of LiPON or other suitable materials such as Cu 3 N is deposited onto 
the glass membrane by suitable technique, such as ebeam evaporation, RF sputtering, 
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CVD, or plasma-spray. Onto the lithium compatible layer, it may be desirable to 
deposit a thin Ag transient coating by vacuum evaporation, as described above. 
Finally, a lithium electrode is either evaporated onto the assembly (i.e. 
Li/Ag/LiPON/Ni), or mechanically bonded to the assembly by pressing. 

5 The cell will be completed when needed by the subsequent addition of water 

and electrolyte to the porous electronically conductive support, for example by 
immersing it in seawater or other aqueous electrolytic solution. In the actual battery 
cell, the lithium metal electrode will be isolated from the seawater environment by 
means of a hermetic seal that may be composed of elastomeric or epoxy resins. 

10 The catalytic electronically conductive support may also be treated with an 

ionomer, such as per-fluoro-sulfonic acid polymer film (e.g., du Pont NAFION) to 
expand the range of acceptable electrolytes to those having little or no native ionic 
conductivity. 

The porous catalytic electronically conductive support may also be structurally 

15 reinforced with a metal frame to enhance its rigidity and strength. The frame may be 
composed of any suitable metal, such as stainless steel or aluminum. In a particular 
embodiment, the frame may be arranged in a grid pattern, such as that illustrated 
below in Figs. 12. B and D. 

Supported Protective Membrane Structure and Fabrication 

20 The use of thin protective membranes is desirable for several reasons including 

reducing materials costs, reducing weight and therefore increasing energy density and 
facilitating ion transport through the membrane. In order to use the thinnest possible 
protective membrane layer for a Li/aqueous cell, a thin ionically conductive glass- 
ceramic (for example) film is produced by an appropriate technique, such as tape- 

25 casting. Film thicknesses of a few microns to many microns are well known to those 
skilled in the art of tape-casting, and such films are routinely used in multi-layer 
ceramic capacitors. The ionically conducting glass-ceramic is tape-cast and then fired 
to full density. The 10 to 50 micron film is still fragile at this point. 

In another embodiment, the thin glass or glass-ceramic membrane could be 

30 made by "draw-down" techniques as described by Sony Corporation and Shott Glass 
(T. Kessler, H. Wegener, T. Togawa, M. Hayashi, and T. Kakizaki, "Large Microsheet 
Glass for 40-in. Class PALC Displays," 1997, FMC2-3, downloaded from Shott Glass 
website; http://www.schott.com/english, incorporated herein by reference. In essence, 
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the glass is handled in the molten state which allows the drawing of thin ribbons of 
glass. If the cooling rate of the glass sheet exceeds the crystallization rate, then the 
glass will be essentially amorphous. Since many of Nasicon-type glasses require the 
presence of a crystalline phase for high conductivity, it may be necessary to heat treat 

5 the thin glass sheets to allow crystallization of the conductive phase and formation of 
a "glass-ceramic" as described in the publication Jie Fu, J. Amer. Ceram. Soe., 80 [7] 
p. 1901-1903 (1997) and the patents of OHARA Corp., previously cited and 
incorporated by reference herein, to improve the ionic conductivity of the solid. The 
process of crystallization (devitrification of the amorphous state) may also lead to 

10 surface roughness. Accordingly, the heat treatment may have to be optimized to 
promote small grained morphology, or a further chemical or mechanical polishing of 
the surface may be needed. 

The thin glass-ceramic membrane produced by either technique can then be 
attached to an electronically conductive porous support (e.g. metal or metallized as 

15 described above) by adhesive bonding (e.g., with epoxy, elastomeric, and/or ceramic 
adhesives) or firing in an oven for example. One example of this approach is 
illustrated in Figs. 12A-E. A metal frame has open areas filled with porous catalytic 
electronically conductive support material for the Li/water redox reaction. In this 
way, the thin glass-ceramic film is supported by the metal frame that is a porous, 

20 catalytic for water reduction, and electronically conductive support structure. 

In a second embodiment, porous catalytic electronically conductive support 
such as nickel foam is bonded directly onto the thin glass-ceramic protective 
membrane component, and the glass-ceramic/ porous catalytic electronically 
conductive support element is then either bonded or placed on the metal frame 

25 support. Such structures can also be made in a symmetric arrangement, as shown in 
Fig. 12E, to improve the strength of the structure and maximize the air electrode area. 

In yet another embodiment, the glass membrane itself is strengthened through 
use of a grid pattern imposed on the glass by a "waffle"-type mold. To do this, the 
molten glass can be injected or pressed into an appropriate mold to impose reinforcing 

30 ridges into the glass, while maintaining a thin membrane between the ridges. If 
necessary the "waffle" can then be heat-treated, as described above, to improve the 
ionic conductivity of the solid. The "waffle" type solid electrolyte can then be bonded 
to the porous nickel electrode. 
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Elastomeric Seals 

Fig. 13 shows an embodiment in accordance with the present invention in 
which a plurality of glass, ceramic or glass-ceramic ionically conductive protective 
plates are bonded into an array by elastomeric seals. In this manner the array has 
5 some conformability due to the elastomeric nature of the plate-to-plate seals. The 
plates may already be bonded to a porous catalytic electronically conductive substrate, 
and then lithium (or other active metal) could be deposited on the other side of the 
plates to form an anode and complete the solid state portion of the cell (the 
cathode/electrolyte being in the liquid state). Alternatively, complete solid state 
10 portions of cells could also be bonded together as shown in Fig. 13. 

Tubular Construction 

Fig. 14 shows a tubular construction embodiment of a Li/water or Li/air cell in 
accordance with the present invention. For example a porous nickel tube could be 
used as a support. An ionically conductive glass, ceramic or glass-ceramic film such 
15 as described herein could be deposited by a variety of techniques, on either the outside 
(A) or inside (B) of the tube. The tube could be closed or open ended. For example, 
an open ended tube may be used, and an ionically conductive glass-ceramic plasma- 
sprayed onto the outer surface, followed by the lithium compatible first component 
material (e.g., UPON), a bond coat (e.g., Ag), and a lithium electrode, and finally a 
20 copper foil and end seals. The tube could be suspended in seawater, and used as a 
high energy density battery. Depending on whether the lithium is outside of the tube, 
or inside the tube as a central core, the seawater (or air in the case of a Li/air cell) will 
flow through the center of the tube or around the tube, respectively. 

Capillary Construction 

25 Fig. 15 shows a capillary construction embodiment of a Li/water or Li/air cell 

in accordance with the present invention. In this approach, thin diameter glass, 
ceramic or glass-ceramic capillaries are blown from a protective membrane material. 
The inner (or outer) surface is coated with by the lithium compatible first component 
material (e.g., LiPON(Ag)), and molten lithium is wicked into the capillary to form a 

30 high surface area protected anode fiber. Individual fibers are then coated with the 
porous catalytic electronically conductive support material. The high surface area to 
volume ratio for such fibers allows for high rate applications. A number of such 
fibers can be connected in parallel to create a high power lithium/water battery, and 
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combinations of parallel bundles can be connected in series to generate high 
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Alternative Embodiments 

A number of other rechargeable lithium/aqueous chemistries are possible in 
5 accordance with the present invention. Some examples of these are: 
Lithium-Nickel Battery 

The nickel electrode, NiOOH, is well known to those skilled in the art, and has 
been used commercially for many years in rechargeable nickel/cadmium batteries, and 
more recently in rechargeable nickel/metal hydride batteries. 
10 Anode reaction: Li = Li + + e" 

Cathode reaction: NiOOH + H 2 0 + e' = Ni(OH) 2 + OH" 
Cell reaction: Li + NiOOH + H 2 0 = Ni(OH) 2 + LiOH 

The nickel electrode is highly reversible, and the combination of a protected Li anode 
with a NiOOH cathode results in a high energy density, high cycle life battery. 
15 Lithium-Silver Battery 

The silver electrode, AgO, is also well known commercially in the Ag/Zn 
battery; a high rate battery used largely by the military. 

Anode reaction: Li = Li + + e" 
Cathode reaction: AgO + H 2 0 + 2 e" = Ag + 2 OH" 
20 Cell reaction: 4Li + 2 AgO + 2H20 = 4LiOH + 2Ag 

The combination of a lithium anode and silver cathode results in a high rate, 
rechargeable battery. 

Further, a variety of new aqueous battery chemistries enabled by the present 
invention can result from the combination of protected lithium anodes with transition 
25 metal oxides such as iron oxide, lead oxide, manganese oxide and others. 
Examples 

The following examples provide details illustrating advantageous properties of 
Li/water battery cells in accordance with the present invention. These examples are 
provided to exemplify and more clearly illustrate aspects of the present invention and 
30 are in no way intended to be limiting. 

Example I: Li/Water Cell 

A series of experiments were performed in which the commercial ionically 
conductive glass-ceramic from OHARA Corporation described above was used as the 
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outer layer (second composite layer) of a protective membrane against the aqueous 
environment of the electrolyte and cathode (water). These metal oxide Li conductors 
are stable in aqueous environments, but are unstable to lithium metal. In order to 
protect the OHARA membrane against metallic lithium, LiPON was used. The 
5 OHARA plates were in the range of 0.3 to 1 mm in thickness. The LiPON coating 
was in the range of 0.1 to 0.5 microns in thickness, and was deposited onto the 
OHARA plate by RF sputtering. 

On top of the LiPON coating, a thin coating of Ag was formed by vacuum 
evaporation to prevent the reaction of hot evaporated lithium with the LiPON film. 

10 The Ag films were in the range of 200 to 1000 A in thickness. LiPON can react with 
highly reactive Li from the vapor phase during Li vacuum deposition. Vacuum 
deposition of a thin film of Ag, Al, Sn or other Li alloy-forming metal onto the glass- 
ceramic surface can prevent the reaction LiPON surface with Li. The thickness of this 
metal film is from 50A to 10000A, preferably, from 100A to 1000A. In addition to 

15 protection of the first layer material against reaction with Li, a Li alloy-forming metal 
film can serve two more purposes. In some cases after formation the first layer 
material the vacuum needs to be broken in order to transfer this material through the 
ambient or dry room atmosphere to the other chamber for Li deposition. The metal 
film can protect the first layer against reaction with components of this atmosphere. 

20 In addition, the Li alloy-forming metal can serve as a bonding layer for reaction 
bonding of Li to the first layer material. When lithium is evaporated onto this 
structure, the Ag is converted to Ag-Li and diffuses, at least in part, into the greater 
mass of deposited lithium. 

Following deposition of the Ag film, approximately 5 microns of lithium metal 

25 were evaporated onto the Ag film, creating a Li(Ag)/LiPON/OHARA protected 
lithium electrode. This protected lithium electrode is illustrated in Fig. 16. The 
protected electrode was fitted into an electrochemical cell by use of an o-ring such that 
the OHARA plate was exposed to an aqueous environment. In one case, the aqueous 
environment comprised a 0.5 M HC1 +1.0M LiCI electrolyte. A platinum counter 

30 electrode was used to facilitate hydrogen reduction when the battery circuit was 
completed. An Ag/AgCI reference electrode was used to control potentials of the Li 
anode and Pt cathode in the cell. Measured values were recalculated into potentials in 
the Standard Hydrogen Electrode (SHE) scale. An open circuit potential (OCP) of 
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3.05 volts corresponding closely to the thermodynamic potential difference between 
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could not observe this potential due to a significant shift of the Li electrode potential 
in the positive direction caused by intensive corrosion of lithium metal in water. 

5 Furthermore, there was no visual indication of reaction of the protected lithium 
electrode with the acidic aqueous environment, in particular, any gas evolution and/or 
Li dissolution. Remarkably, when the circuit was closed, hydrogen evolution was 
seen immediately at the Pt electrode, indicative of the anode and cathode electrode 
reactions in the cell, 2Li = 2Li + 2e~ , and 2H + + 2e" = H 2 . The potential-time curves 

10 for electrochemical reactions of Li anodic dissolution and hydrogen cathodic 
evolution are presented in Figs. 17 and 18, respectively. This is the first example 
known where a lithium/water battery has been operated in the absence of very large 
corrosion currents. 

In another analogous experiment, the Li(Ag)/LiPON/OHARA electrode was 
15 used in an aqueous cell having 4 M LiOH electrolyte. In this cell Li also exhibited the 
correct OCP value close to the thermodynamic potential (Fig. 19). This cell was also 
discharged using a Pt counter electrode, which immediately evolved hydrogen on 
closing of the battery circuit. A small light emitting diode was placed in the Li/water 
battery circuit, and it immediately lit up on closing the circuit. Remarkably, reversible 
20 cycling of this battery was also possible (Fig. 20), actually plating metallic lithium 
from the aqueous environment during cell charge. Currents from 1.0 to 15 mA/cm 2 
were used in the cycling experiments. As can be seen in Fig. 21, use of high current 
rates for cycling did not lead to destruction of the anode protective membrane or any 
irreversible changes in the cell behavior. This is the first known example where 
25 metallic lithium has been plated with high efficiency from an aqueous electrolyte. 
Example 2: Li/Seawater Cell 

A lithium/sea (salt) water cell similar to the cell in the Example 1, was built. 
In this experiment, the Li(Ag)/LiPON/OHARA protected anode was used in a cell 
containing a "seawater" as an electrolyte. The seawater was prepared with 35 ppt of 
30 "Instant Ocean" from Aquarium Systems, Inc. The conductivity of the seawater used 
was determined to be 4.5 10 2 S/cm. Figs. 22A and B show discharge (potential-time) 
curves at discharge rates of 0.2 mA/cm 2 and 0.5 mA/cm 2 , respectively. The results 
indicate an operational cell with good performance characteristics, including a stable 
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discharge voltage. It should be emphasized that in all previous experiments using an 
unprotected Li anode in seawater utilization of Li was very poor and at low and 
moderate current densities similar to those used in this example such batteries could 
not be used at all due to the extremely high rate of Li corrosion in a seawater (over 19 
5 A/cm 2 ). 

Example 3: Li/Seawater cell with large capacity anode. 

A lithium/sea (salt) water cell with a Pt wire cathode and a large capacity 
Li(Ag)/LiPON/gIass-ceramic (OHARA Corp.) protected anode was built. Following 
deposition of the Ag film onto the LiPON on the OHARA plate, 50 urn thick Li foil 

10 from Cyprus Foote Mineral Co. was pressed onto the Ag film to fabricate a thick 
protected Li anode. A Carver hydraulic press located in a dry room was used for the 
pressing operation. The applied pressure was around 800 kg/cm 2 , and duration of 
pressing was 10 minutes. The Li surface was polished with a Tyvec fabric just before 
pressing onto the Ag film. The Ag film reacted with the Li foil forming a strong 

15 reaction bond. The seawater electrolyte composition was the same as in the previous 
example. 

Fig. 23 shows a discharge (potential-time) curve at a discharge rate of 0.3 
mA/cm 2 . The cell exhibited long discharge. Discharge capacity delivered to the cut- 
off voltage of 2.0 V corresponded to the Li thickness over 20 Jim. This amount of Li 
20 could be moved through the Li anode/aqueous electrolyte interface without 
destruction of the protective layers. 

Example 4: Cell with protected Li electrode in aqueous electrolyte containing 

hydrogen peroxide as a dissolved oxidant 

A Lithium/Hydrogen Peroxide cell was built with the Li(Ag)/LiPON/OHARA 
25 plate protected anode similar to one used in the previous example. Electrolyte was 1M 
solution of phosphoric acid (H3PO4) in water with addition of 5% hydrogen peroxide 
(H 2 0 2 ) by weight. The volume of the electrolyte in the cell was 500 ml. A gold 
cathode for hydrogen peroxide reduction was made by vacuum coating of both sides 
of a carbon fiber paper (35 urn thick from Lydall Technical Papers, Rochester, NY) 
30 with an approximately 3um thick Au layer. 

Fig. 24 shows a discharge (potential-time) curve for a discharge rate of 0.3 
mA/cm 2 . The open circuit potential value (OCP) for the cell was close to 4.0 V. The 
cell exhibited a flat discharge potential of approximately 3.6 V. 
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The overall theoretical cell reaction for the Li/H20 2 in an acidic medium is 
2Li -h H2Q? ~ 2Li + + 2H?0 with E° = 4.82 V (for standard conditions) 
Experimentally measured OCP values were lower than the theoretical value due to 
decomposition of hydrogen peroxide to water and oxygen on the cathode surface. As a 
5 result, not only hydrogen peroxide, but also oxygen as well could be reduced on the 
cathode surface leading to decrease in the OCP and the closed cell potential. 
Improvements in the cathode structure and use of a cell with flow of electrolyte 
having dissolved hydrogen peroxide should significantly improve overall cell 
characteristics. At the same time, the experimental results clearly demonstrate that 

10 using the protected Li anode and a strong oxidant soluble in water we can build a high 
energy power source with a very high Li efficiency at low and moderate current rates. 

It should be pointed out that acidic electrolytes containing H2O2 cannot be 
directly used with unprotected Li anode in Li/H 2 0 2 cells due to very high rate of Li 
corrosion and therefore, low Li efficiency. 

15 Example 5: Li/Air cell with neutral electrolyte, 

A series of experiments were performed whereby a commercial ionically 
conductive glass-ceramic from OHARA Corporation, was used as the outer membrane 
(second composite layer) against the protic corrosive environment. These metal oxide 
Li conductors are stable in aqueous environments, but are unstable to lithium metal. 

20 In order to protect the OHARA membrane against metallic lithium, a variety of 
materials could be used including LiPON, Cu 3 N, SnNx, Li 3 N, Li 3 P, and metal halides. 
In this experiment, LiPON was used to protect the OHARA plate against reaction with 
Li. The OHARA plates were in the range of 0.2 to 0.3 mm in thickness. The LiPON 
coating was in the range of 0.2 to 0.9 microns in thickness, and was deposited onto the 

25 OHARA plate by RF sputtering. 

On top of the LiPON coating, a thin Ag film was sputter deposited. This was 
done to avoid the reaction of hot evaporated lithium with the LiPON film. The Ag 
film was in the range of 200 to 1000 A in thickness. LiPON can react with highly 
reactive Li from the vapor phase during Li vacuum deposition. Vacuum deposition of 

30 a thin film of Ag, Al, Sn or other Li alloy-forming metal onto the glass-ceramic 
surface can prevent the reaction LiPON surface with Li. The thickness of this metal 
film is from 50A to 10000A, preferably, from 100A to 1000A. 
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Following deposition of the Ag film, approximately 5 microns of lithium metal 
were evaporated onto the Ag film, creating a Li(Ag)/LiPON/OHARA protected 
anode. The protected anode was fitted into an electrochemical cell by use of an o-ring 
such that the OHARA plate was exposed to the aqueous electrolyte environment. 
5 The electrolyte used in this Li/air cell with protected anode was 0.5 M NH4CI 

+ 0.5 M LiCl. Zirconia cloth from Zircar Products, Inc. was put onto the OHARA 
plate and filled with the electrolyte. A volume of the electrolyte was approximately 
0.2 ml. An air electrode made for commercial Zn/Air batteries was used as a cathode 
in this experimental Li/Air cell. 

10 An open circuit potential of 3.25 was observed for this cell. Fig. 25 shows 

discharge (potential-time) curve at discharge rate of 0.3 mA/cm 2 . The cell exhibited 
discharge voltage of approximately 3.1 V for about 1.0 hr (about 3.0 mAh/cm 2 ). This 
result shows that good performance can be achieved for Li/air cells with protected Li 
anode and an electrolyte that does not contain KOH, which is normally employed in 

15 existing metal/Air batteries. KOH slows down corrosion of the metal (e.g., Zn), but 
draws C0 2 into the cell which causes damaging carbonization. As a result, 
conventional metal/air batteries have limited shelf-life. The Li/air cell described and 
< tested herein is free from negative effect of electrolyte carbonization typical for 

existing metal/air batteries. 

20 Example 6: Li/Air cell with large capacity anode. 

A lithium/air cell was built with an air cathode similar to that used in Example 
5, but with a Li(Ag)/LiPON/OHARA plate protected anode having much higher 
capacity. The electrolyte used in this Li/air cell with protected anode comprised 0.5 
M LiOH. Following deposition of the Ag film onto the UPON on the OHARA plate, 

25 120 urn thick Li foil from Cyprus Foote Mineral Co. was pressed onto the Ag film to 
fabricate a thick protected Li anode. A Carver hydraulic press located in a dry room 
was used for the pressing operation. The applied pressure was around 800 kg/cm 2 , and 
duration of pressing was 10 minutes. The Li surface was polished with a Tyvec fabric 
just before pressing onto the Ag film. The Ag film reacted with the Li foil forming a 

30 strong reaction bond. 

Fig. 26 shows a discharge (potential-time) curve at discharge rate of 0.3 
mA/cm". The cell exhibited long discharge with a high average discharge voltage of 
2.9 V. Discharge capacity delivered to the cut-off voltage of 2.5 V was more than 10 
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mAh/cm 2 . Remarkably, this large amount of Li corresponding to the Li thickness 
over 49 jj m could be moved through the Li anode/aqueous electrolyte interface 
without destruction of the protective layers. 

Example 7: Cycling of Li/Air cell with protected Li anode. 

5 A series of experiments were performed in which a commercial ionically 

conductive glass-ceramic from OHARA Corporation, was used as the outer (second) 
layer of a composite laminate protective layer against the protic corrosive 
environment. These metal oxide Li conductors are stable in aqueous environments, 
but are unstable to lithium metal. In order to protect the OHARA membrane against 

10 metallic lithium, a variety of materials could be used including LiPON, Cu 3 N, SnNx, 
Li}N, Li.iP, and metal halides. In the following experiments LiPON was used to 
protect the OHARA plate against reaction with Li. The OHARA plates were in the 
range of 0.2 to 0.3 mm in thickness. The LiPON coating was in the range of 0.2 to 0.9 
microns in thickness, and was deposited onto the OHARA plate by RF magnetron 

15 sputtering. 

On top of the LiPON coating, a thin Ag film was sputter deposited. This was 
done to avoid the reaction of hot evaporated lithium with the LiPON film. The Ag 
films were in the range of 200 to 1000 A in thickness. LiPON can react with highly 
reactive Li from the vapor phase during Li vacuum deposition. Vacuum deposition of 

20 a thin film of Ag, Al, Sn or other Li alloy-forming metal onto the glass-ceramic 
surface can prevent the reaction LiPON surface with Li. The thickness of this metal 
film is from 50A to 10000A, preferably, from 100A to lOOOA. In addition to 
protection of the first layer material against reaction with Li, a Li alloy-forming metal 
film can serve two more purposes. In some cases after formation the first layer 

25 material the vacuum needs to be broken in order to transfer this material through the 
ambient or dry room atmosphere to the other chamber for Li deposition. The metal 
film can protect the first layer against reaction with components of this atmosphere. 
In addition, the Li alloy-forming metal can serve as a bonding layer for reaction 
bonding of Li to the first layer material. When lithium is deposited onto this structure, 

30 the Ag is converted to Ag-Li and diffuses, at least in part, into the greater mass of 
deposited lithium. 

Following deposition of the Ag film, approximately 5 microns of lithium metal 
were evaporated onto the Ag film, creating a Li (Ag)/Li PON/OH ARA protected 
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anode. The protected anode was fitted into an electrochemical cell by use of an o-ring 
such that the OHARA plate was exposed to the aqueous environment. 

The electrolyte used in this Li/air cell with protected anode was comprised of 
1 M LiOH. The volume of the electrolyte was approximately 0.2 ml. An air electrode 
5 from commercial Zn/Air batteries was used as a cathode in our experimental Li/Air 
cell. 

Fig. 27 shows discharge/charge potential-time curves at discharge/charge 
rate of 1 .0 mA/cm 2 . The duration of each discharge and charge was 3 minutes. Even 
though the air electrodes used in these experiments were designed for single 
10 discharge, the cell delivered 10 cycles without significant increase in electrode 
polarization. This result demonstrates that a protected Li anode Li/air cell in 
accordance with the present invention can work reversibly. 
Conclusion 

Although the foregoing invention has been described in some detail for 
15 purposes of clarity of understanding, it will be apparent that certain changes and 
modifications may be practiced within the scope of the appended claims. In 
particular, while the invention is primarily described with reference to a lithium metal 
anode, the anode may also be composed of any active metal, in particular, other alkali 
metals, such as sodium. It should be noted that there are many alternative ways of 
20 implementing both the process and compositions of the present invention. 
Accordingly, the present embodiments are to be considered as illustrative and not 
restrictive, and the invention is not to be limited to the details given herein. 

All references cited herein are incorporated by reference for all purposes. 
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CLAIMS 

1 A hafterv cell. comDrisine: 

an active metal anode having a first surface and a second surface; 

a cathode structure comprising an electronically conductive component, an 

ionically conductive component, and an electrochemically active component, wherein 

at least one cathode structure component comprises an aqueous constituent; 

an ionically conductive protective membrane on the first surface of the anode, 

the membrane comprising, 

one or more materials configured to provide a first surface chemically 
compatible with the active metal of the anode in contact with the anode, and a 
second surface substantially impervious to and chemically compatible with the 
cathode structure and in contact with the cathode structure. 

2. The cell of claim 1 , wherein the cathode structure comprises an aqueous 
electrochemically active component. 

3. The cell of claim 2, wherein the aqueous electrochemically active component 
is water. 

4. The cell of claim 2, wherein the aqueous electrochemically active component 
comprises a water soluble oxidant selected from the group consisting of gaseous, 
liquid and solid oxidants and combinations thereof. 

5. The cell of claim 4, wherein the water soluble gaseous oxidants are selected 
from the group consisting of 0 2 , SO2 and NO2, and the water soluble solid oxidants 
are selected from the group consisting of NaNOo, KN0 2 , Na2S0 3 and K2SO3. 

6. The cell of claim 4, wherein the water soluble oxidant is a peroxide. 

7. The cell of claim 6, wherein the water soluble oxidant is hydrogen peroxide. 

8. The cell of claim 1 , wherein the ionically conductive component and the 
electrochemically active component are comprised of an aqueous electrolyte. 

9. The cell of claim 8, wherein the aqueous electrolyte is selected from the group 
consisting of strong acid solutions, weak acid solutions, basic solutions, neutral 
solutions, amphoteric solutions, peroxide solutions and combinations thereof. 

10. The cell of claim 8, wherein the aqueous electrolyte comprises members 
selected from the group consisting of aqueous solutions of HC1, H2SO4, H3PO4 acetic 
acid/Li acetate, LiOH; sea water, LiCl, LiBr, Lil, NH 4 C1, NH 4 Br and hydrogen 
peroxide, and combinations thereof. 
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1 1 . The cell of claim 10, wherein the aqueous electrolyte is sea water. 

12. The cell of claim 10, wherein the aqueous electrolyte comprises sea water and 
hydrogen peroxide. 

13. The cell of claim 9, wherein the aqueous electrolyte comprises an acidic 
peroxide solution. 

14. The cell of claim 9, wherein hydrogen peroxide dissolved in aqueous 
electrolyte flowing through the cell. 

1 5. The cell of claim 2, wherein the cathode structure electronically conductive 
component is a porous catalytic support. 

16. The cell of claim 15, wherein the porous catalytic electronically conductive 
support is reinforced. 

17. The cell of claim 15, wherein the porous catalytic electronically conductive 
support comprises nickel. 

1 8. The cell of claim 15, wherein the porous catalytic electronically conductive 
support comprises an inert material impregnated with a water reducing catalyst. 

1 9. The cell of claim 1 5, wherein the porous catalytic electronically conductive 
support is treated with an ionomer. 

20. The cell of claim 2, wherein the cell has an open cell voltage of at least 2 V. 

21 . The cell of claim 12, wherein the cell has a flat discharge potential of at least 
3.5 V. 

22. The cell of claim 14, further comprising a separator disposed between the 
protective membrane and the cathode structure. 

23. The cell of claim I, further comprising a PEM H 2 /0 2 fuel cell to capture 
hydrogen released from the cathode structure in the battery cell redox reaction. 

24. The cell of claim I , wherein the cathode structure electrochemically active 
material comprises air. 

25. The cell of claim 24, wherein the air comprises moisture. 

26. The cell of claim 25, wherein the ionically conductive material comprises an 
aqueous constituent. 

27. The cell of claim 26, wherein the ionically conductive material further 
comprises an ionomer. 
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28. The cell of claim 26, wherein the ionically conductive material comprises a 

29. The cell of claim 28, wherein the aqueous electrolyte comprises LiCl. 

30. The cell of claim 28, wherein the aqueous electrolyte comprises one of NH 4 C1, 
and HC1. 

3 1 . The cell of claim 24, wherein the cathode structure comprises an air diffusion 
membrane, a hydrophobic polymer layer, an oxygen reduction catalyst, an electrolyte, 
and an electronically conductive component/current collector. 

32. The cell of claim 24, wherein the electronically conductive component/current 
collector comprises a porous nickel material. 

33. The cell of claim 24, wherein the cell has an open cell voltage of at least 3 V. 

34. The cell of claim 24, wherein the cell has a flat discharge potential of about 
2.9 V at a discharge rate of 0.3 mA/cm 2 for at least 25 hours. 

35. The cell of claim 24, wherein the cell has a discharge capacity of at least 10 
mAh/cm 2 . 

36. The cell of claim 32, further comprising a separator disposed between the 
protective membrane and the cathode structure. 

37. The cell of claim 1, wherein the cathode structure electrochemical ly active 
component comprises a metal hydride alloy. 

38. The cell of claim 37, wherein the cathode structure ionically conductive 
component comprises an aqueous electrolyte. 

39. The cell of claim 38, wherein the aqueous electrolyte is acidic. 

40. The cell of claim 39, wherein the aqueous electrolyte comprises a halide acid 
or acidic salt. 

41 . The cell of claim 40, wherein the aqueous electrolyte comprises a chloride or 
bromide acid or acidic salt. 

42. The cell of claim 4 1 , wherein the aqueous electrolyte comprises one of HC1, 
HBr, NH 4 C1 and NH 4 Br. 

43. The cell of claim 37, wherein the metal hydride alloy comprises one of an AB 5 
and an AB 2 alloy. 

44. The cell of any preceding claim, wherein the active metal is lithium. 

45. The cell of claim 44, wherein wherein the cathode structure comprises an 
aqueous electrochemical ly active component. 

50 



BNSDOCID: <WO I 



2005038953A2J_> 



WO 2005/038953 c c PCT/US2004/033424 

46. The cell of claim 44, wherein the cathode structure electrochemically active 
material comprises air. 

47. The cell of claim 44, wherein the cathode structure electrochemically active 
component comprises a metal hydride alloy. 

48. The cell of any preceding claim, wherein the ionic conductivity of the 
protective membrane is at least 10~ 7 S/cm. 

49. The cell of any preceding claim, wherein the ionic conductivity of the 
protective membrane is at least l0 5 S/cm. 

50. The cell of any preceding claim, wherein the ionically conductive protective 
membrane comprises a composite, the composite comprising, 

a first material component in contact with the anode that is ionically 
conductive and chemically compatible with the active metal of the anode, and 

a second material component in contact with the first material 
component, the second material being substantially impervious, ionically 
conductive and chemically compatible with the first material component and 
the cathode structure. 

5 1 . The cell of claim 50, wherein the protective composite is a laminate. 

52. The cell of claim 50, wherein the protective composite is graded. 

53. The cell of claim 50, wherein the active metal of the negative electrode is 
lithium or a lithium alloy. 

54. The cell of claim 50, wherein the first component comprises a material 
selected from the group consisting of active metal nitrides, active metal phosphides, 
and active metal halides, and active metal phosphorus oxynitride glass. 

55. The cell of claim 50, wherein the first layer comprises a material selected from 
the group consisting of Li 3 N, Li 3 P and Lil, LiBr, LiCl, LiF, and LiPON. 

56. The cell of claim 50, wherein the second component comprises a material 
selected from the group consisting of glassy or amorphous metal ion conductors, 
ceramic active metal ion conductors, and glass-ceramic active metal ion conductors. 

57. The cell of claim 50, wherein the second component is an ion conductive 
glass-ceramic having the following composition: 



Composition 


mol % 


p 2 o 5 


26-55% 
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Si0 2 


0-15% 


GeO? + Ti02 


25-50% 


in which Ge0 2 


0-50% 


TiOo 


0-50% 


Zr0 2 


0-10% 


M 2 0 3 


0 < 10% 


Al 2 O s 


0-15% 


Ga 2 O.T 


0-15% 


Li 2 Q 


3-25% 



and containing a predominant crystalline phase composed of Lij +x (M,AI,Ga) x (Ge 
yTiy) 2 - x (P04)3 where X< 0.8 and CK Y< 1 .0, and where M is an element selected from 
the group consisting of Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb and/or and 
Lii +x+ yQxTi2- x SiyP3-yOi2 where 0< X< 0.4 and 0< Y< 0.6, and where Q is Al or Ga. 

58. The cell of any preceding claim, wherein the cell is a primary cell. 

59. The cell of any preceding claim, wherein the cell is a rechargeable cell. 

60. The cell of any preceding claim, wherein the cell has a planar configuration. 

61. The cell of claim 60, wherein the cell is bonded into a flexible array of like 
cells by elastomeric seals. 

62. The cell of any of claims 1 -59, wherein the cell has a tubular configuration. 

63. The cell of any of claims 1-59, wherein the cell comprise a capillary 
construction. 

64. The cell of claim 1, wherein the active metal is lithium and the cathode 
structure comprises an aqueous ionically conductive component and a transition metal 
oxide electrochemically active component. 

65. The cell of claim 64, wherein the a transition metal oxide is selected from the 
group consisting of NiOOH, AgO, iron oxide, lead oxide and manganese oxide. 

66. The cell of claim 50, wherein the second component is an ion conductive 
ceramic having the following composition: 

Composition mol % 

________ 26-55% 

SiQ 2 0-15% 
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Ge0 2 + Ti0 2 25-50% 

in which Ge0 2 0-50% 

Ti0 2 0-50% 

Zr0 2 0-10% 

M 2 0 3 0<10% 

Al 2 0 3 0-15% 

Ga 2 0 3 0-15% 

Li 2 Q 3-25% 



and containing a predominant crystalline phase composed of Li| +x (M,AI,Ga) x (Ge i_ 
y Ti y )2.x(P0 4 )3 where X< 0.8 and 0< Y< 1 .0, and where M is an element selected from 
the group consisting of Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb and/or and 
Li, +x+y Q x Ti 2 . x Si y P3.yO,2 where 0< X< 0.4 and 0< Y< 0.6, and where Q is Al or Ga. 

67. A electrochemical cell structure, comprising: 

an active metal anode having a first surface and a second surface; 
a porous catalytic electronically conductive support; 

an ionically conductive protective membrane on the first surface of the anode, 
the membrane comprising, 

one or more materials configured to provide a First surface chemically 
compatible with the active metal of the anode, and a second surface 
substantially impervious to and chemically compatible with the catalytic 
electronically conductive support, and aqueous environments. 

68. A method of making an electrochemical cell structure, comprising: 
assembling an active metal anode and a cathode structure comprising an 

electronically conductive component; 

wherein a protective membrane is disposed between the active metal anode 
and the cathode structure, the membrane being ionically conductive and chemically 
compatible with an active metal on a first side, and substantially impervious, ionically 
conductive and chemically compatible the cathode structure on the other side; 

and wherein an active metal material is applied to the first side of the 
protective membrane to form the active metal anode. 

69. The method of claim 68, wherein the electronically conductive component of 
the cathode structure is a porous nickel sheet. 
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70. The method of any of claims 68-69, wherein the cathode structure further 
comprises an ionically conductive component, and an electrochemically active 
component, wherein at least one cathode structure component comprises an aqueous 
constituent, and the electrochemical cell structure is a battery cell. 
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